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I.  INTRODUCTION 


A  three-year  study  of  the  potential  of  mixed  oxide  systems  for  the 
corrosion  protection  of  aluminum  alloys  has  been  completed  successfully.  This 
report  presents  the  results  obtained  during  the  three  years  of  program  effort. 
For  the  convenience  of  the  reader,  necessary  background  information  is  incor¬ 
porated  including  the  conceptual  rationale,  as  presented  in  the  original  pro¬ 
posal,  that  led  to  the  investigation  of  mixed  oxide  systems  as  anticorrosion 
coatings.  Detailed  accounts  of  most  of  the  results  obtained  during  the  first 
two  years  of  program  effort  have  been  published  in  the  open  literature  (Refs. 

I,  2).  The  present  report  provides,  however,  a  complete  recapitulation  of  the 
work  as  well  as  an  account  of  progress  in  the  final  year. 

The  economic  consequences  of  corrosion  to  the  Air  Force,  and  to  other 
branches  of  the  government  and  to  Industry,  are  substantial.  The  Air  Force 
must,  in  addition,  be  concerned  with  the  Impact  of  corrosion-related  problems 
on  mission  readiness  and  on  personnel  safety.  Aircraft  aluminum  surfaces  are 
currently  partially  protected  against  corrosion  by  the  use  of  chromate  coat¬ 
ings  and  by  paints.  A  degree  of  corrosion  protection  is  certainly  afforded  by 
the  available  technologies;  nevertheless.  Improved  corrosion  resistance  could 
still  result  in  substantial  cost  avoidance.  Commercial  airlines  have  begun 
again  to  leave  aircraft  unpainted  because  of  the  fuel  penalty  Incurred  by  the 
weight  of  the  paint.  Oxide  coatings  are  much  thinner  and,  therefore,  much 
lighter. 

All  structural  metals  are  thermodynamically  unstable  under  ordinary  con¬ 
ditions  of  temperature  and  pressure  with  respect  to  the  formation  of  their 
oxides.  Metals  exist,  as  such,  only  because  the  surface  oxide  layers  ini¬ 
tially  formed  may  decrease  the  rate  of  further  oxidation,  l.e.,  metals  are 
klnetlcally,  but  not  thermodynamically,  stable.  The  interaction  of  a  metal 
with  the  environment  Is  thus  a  reaction  of  a  metal  oxide  with  the  environ¬ 
ment.  A  detailed  understanding  of  the  oxide-ambient  Interface  Is  essential  to 
the  resolution  of  many  fundamental  and  practical  problems,  including  the  pre¬ 
vention  and  control  of  metallic  corrosion. 
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Our  research  effort  was  founded  on  a  conceptual  model  of  the  protective 
oxide  layer  on  a  metal  surface.  This  model  predicts  that  mixed  oxides  should 
afford  better  corrosion  protection  than  native  surface  oxides.  A  mixed  oxide 
Is  defined  here  simply  as  an  oxide  system  containing  more  than  one  cation 
species.  The  chromate  coatings  now  in  use  for  the  protection  of  aluminum 
alloys  are  mixed  oxide  systems.  We  have  performed  a  detailed  study  of  mixed 
oxide  coatings  on  aluminum  to  develop  more  effective  protective  coatings. 

The  original  research  was  divided  into  three  tasks  (Ref.  3).  Task  A 
involved  the  evaluation  of  composition  versus  corrosion  resistance  For  com¬ 
mercial  chromate  coating  formulations  and  was  largely  completed  during  the 
first  year  of  the  program.  Our  work  constituted  the  most  thorough  investiga¬ 
tion  to  date  of  the  chromate-aluminum  system  using  modern  techniques  of  sur¬ 
face  analysis  (Refs.  I,  A).- 

The  second  and  third  years  of  program  effort  Involved  Task  B,  the  devel¬ 
opment  of  new  techniques  for  the  deposition  of  mixed  oxide  coatings  from 
nonaqueous  solutions  of  organometallic  compounds  (Refs.  2,  S).  Much  of  the 
experimental  work  involved  titanium-aluminum  mixed  oxide  films,  and  work  on 
this  model  system  resulted  in  a  much  clearer  picture  of  the  formation  and 
function  of  corrosion-resistant  mixed  oxide  layers.  Other  oxide  systems  were 
also  examined.  Corrosion  resistance  of  the  tltanate  and  other  oxide  coatings 
was  in  general  Inferior  to  that  of  the  chromate  coatings.  We  did,  however, 
succeed  in  the  development  of  a  coating  involving  a  tltanate  for  a  particular 
aluminum  alloy  (AA  6061)  that  exhibited  better  corrosion  resistance  than 
commercial  chromate  coating  formulations.  This  work  points  the  way  toward 
further  research. 

Task  C  Involved  recommendations  of  corrosion-protective  processes  suit¬ 
able  for  practical  application  to  aircraft.  Only  preliminary  recommendations 
are  possible  at  this  time,  but  it  is  Important  to  note  that  the  feasibility  of 
coating  solution  deposition  Involving  primarily  substitution  reactions  as 
opposed  to  redox  reactions  has  been  demonstrated. 


II.  EXPERIMENTAL  PROCEDURES 


Certain  experimental  techniques  common  to  all  phases  of  our  work  are 
summarized  In  this  section. 

A.  SURFACE  ANALYSIS  TECHNIQUES 

Deposited  coatings  were  characterized  using  several  modern  analytical 
methods  for  surface  analysis.  These  techniques  have  been  widely  described  in 
the  literature  and  need  only  be  mentioned  briefly. 

1.  AUGER  ELECTRON  SPECTROSCOPY 

Most  of  our  experimental  characterization  of  coatings  has  been  accom¬ 
plished  using  Auger  electron  spectroscopy  (AES)  (Ref.  6).  In  AES,  an  Incident 
electron  beam  (with  an  energy  typically  2  to  5  keV)  excites  secondary  electron 
emission  from  the  specimen  surface.  Auger  processes  In  emitting  atoms  give 
rise  to  electrons  with  characteristic,  known  kinetic  energies,  and  energy 
analysis  of  the  secondary  electron  distribution  thus  provides  an  elemental 
analysis  of  the  specimen  surface.  Auger  electron  spectroscopy  will.  In 
general,  Indicate  the  presence  of  any  element  with  a  surface  concentration 
greater  than  about  0.1  to  1.0%  of  a  surface  monolayer.  Elemental  concentra¬ 
tions  are  derived  from  experimental  Auger  spectra  using  a  standard  method 
that,  while  subject  to  some  errors,  is  accurate  to  perhaps  10%  and  Is  In  wide 
use  (Ref.  7). 

Auger  spectroscopy  Is  a  surface  analysis  technique  because  of  the  very 
short  mean  free  path  for  Inelastic  scattering  characteristic  of  electrons  In 
solids  in  the  20  to  2000  eV  range.  Auger  electron  spectroscopy  detects  only 
those  elements  present  in  the  outer  three  to  four  atomic  layers  of  the 
specimen  surface. 

Much  of  our  work  necessitated  the  determination  of  specimen  composition 
as  a  function  of  depth  into  the  specimen.  This  Information  was  obtained  by 
combining  Auger  analysis  with  simultaneous  ion  etching.  A  multiplex  device 
permits  automatic  recording  of  the  peak-to-peak  heights  (taken  as  a  measure  of 
concentration)  of  up  to  six  elements  and  plotting  of  these  peak  heights  as  a 


function  of  sputtering  time.  The  sputter  rate  is  assumed  to  be  constant,  and 
sputter  time  is  related  to  depth  beneath  the  specimen  surface  by  suitable 
calibration.  In  our  work,  Ta205  anodic  oxide  films  of  accurately  known  thick¬ 
ness  were  employed  as  calibration  standards. 

A  Physical  Electronics  Industries  Model  10-150  cyllndrlcal-rolrror  Auger 
spectrometer  was  used  In  most  of  the  experiments  described  here.  This  Instru¬ 
ment  provides  for  a  maximum  incident  electron-beam  energy  of  5  keV  and  has  an 

energy  resolution  (AE/E)  of  about  0.6%.  The  system  vacuum  chamber  typically 
—9 

operated  In  the  10  ’  Torr  pressure  range.  A  Physical  Electronics  Industries 
Model  590  scanning  Auger  microprobe  was  used  for  some  measurements. 

2.  X-RAY  PHOTOELECTRON  SPECTROSCOPY 

X-ray  photoelectron  spectroscopy  (XPS,  also  known  by  the  acronym  ESCA) 
was  also  used  to  some  extent  In  our  Investigation.  In  XPS,  an  Incident  x-ray 
beam  excites  photoelectrons  from  the  test  specimen  (Ref.  6).  The  photoelec¬ 
tron  kinetic  energies  of  interest  In  XPS  are  roughly  the  same  as  the  electron 
kinetic  energies  found  in  AES,  and  XPS  Is  thus  also  a  surface-sensitive  tech¬ 
nique.  Seraiquantltatlve  elemental  analysis  is  possible  with  XPS;  however, 
photoelectron  emission  Is  basically  a  simpler  process  than  Auger  electron 
emission  and  permits  a  direct  measurement  of  the  binding  energy  of  an  electron 
In  an  atom.  The  binding  energy  is  dependent  upon  the  environment  of  the  atom, 
l.e.,  on  Its  bonding  to  Its  neighbors.  X-ray  photoelectron  spectroscopy  thus 
directly  yields  Information  on  chemical  bond  formation,  and  we  have  made  use 
of  this  capability.  Auger  electron  spectroscopy  and  XPS  have  additional 
relative  advantages  and  disadvantages  that  have  been  discussed  In  Ref.  6. 

The  Instrument  employed  In  our  studies  was  a  McPherson  Instruments  Model 
ESCA  36  using  Mg  Ka  exciting  radiation. 

3.  ION  MICROPROBE  MASS  ANALYZER 

The  Ion  microprobe  mass  analyzer  (IMMA)  subjects  a  specimen  to  an  Inci¬ 
dent  ion  beam  (usually  of  0  Ions),  and  performs  a  mass/charge  ratio  analysis 
of  species  arising  from  the  specimen  surface  (Ref.  8).  The  sputtered  mass 
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spectrum  Is  quite  complex,  since  chemical  reactions  take  place  between  spec¬ 
imen  atoms  and  the  Incident  oxygen  atoms.  The  IMMA  Is,  however,  considerably 
more  sensitive  than  AES  or  XPS  to  certain  species  In  bulk,  and  we  have  used 
this  fact  to  our  advantage.  The  IMMA  method  Is  conceptually  Identical  to 
secondary  Ion  mass  analysis  (SIMS).  The  Applied  Research  Laboratories 
instrument  available  In  our  laboratory  happens  to  be  an  Imaging  mass  analyzer 
capable  of  providing  about  2-pm  spatial  resolutions  parallel  to  the  surface. 

B.  CORROSION-RESISTANCE  EVALUATION 

Coating  corrosion  resistance  was  assessed  semlquantltatlvely  by  exposing 
test  coupons  In  a  salt-fog  chamber  (Associated  Testing  Laboratories  Model  SS- 
3-8)  operated  with  a  50%  NaCl  solution  at  35°C  and  100%  relative  humidity. 
Coupons  were  examined  at  regular  intervals  and  rated  on  an  arbitrary  visual 
corrosion  scale  from  0  to  6  in  half-unit  steps.  The  time  interval  required 
for  the  onset  of  visible  corrosion  proved  to  be  a  useful  measure  of  relative 
corrosion  resistance.  Some  experiments  were  conducted  to  assess  the  possibil¬ 
ity  of  better  quantifying  corrosion  resistance  using  electrochemical  tech¬ 
niques!  however,  the  salt  spray  method  was  deemed  adequate  for  our  purposes. 
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III.  BACKGROUND  DISCUSSION 


A.  CONCEPTUAL  MODEL  FOR  CORROSION 

Our  goal  was  to  gain  a  better  understanding  of  the  chemical  and  physical 
properties  of  surface  oxide  layers  In  order  to  form  oxide  layers  on  aluminum 
that  offers  a  high  degree  of  corrosion  resistance.  A  brief  general  discussion 
of  some  properties  of  oxides  Is  desirable  to  clarify  the  rationale  behind  the 
approach  taken  In  our  work.  In  particular,  we  should  first  Inquire  as  to  what 
Is  meant  when  an  oxide  Is  said  to  be  stable. 

The  term  "stability”  is  used  In  two  distinct  senses  In  describing  chemi¬ 
cal  compounds.  Stability  sometimes  is  used  to  Imply  high  bond  strengths, 
l.e. ,  a  high  melting  temperature,  and  sometimes  refers  to  resistance  to  chemi¬ 
cal  attack.  These  two  meanings  of  stability  are  not  synonymous.  Many  com¬ 
pounds  with  a  low  melting  temperature  are  chemically  unreactlve,  and  vice 
versa.  In  this  discussion,  we  consider  an  oxide  to  be  stable  If  it  is  resis¬ 
tant  to  environmental  chemical  attack.  Stability  In  the  thermal  sense  Is  not 
of  primary  Importance  provided  that  the  melting  temperature  of  oxides  con¬ 
sidered  is  sufficiently  high  that  thermal  diffusion  or  decomposition  under  any 
reasonably  anticipated  operation  conditions  is  precluded.  As  a  general  rule, 
these  conditions  are  satisfied  If  the  absolute  oxide  melting  temperature  Is 
greater  than  twice  the  maximum  temperature  anticipated  during  use  of  the  metal 
In  question. 

An  oxide  will  be  stable  only  over  some  particular  range  of  environmental 
conditions.  For  practical  problems  of  aircraft  corrosion  protection,  one  must 
consider  an  aluminum  surface  covered  with  a  layer  of  water  containing  dis¬ 
solved  Impurities.  Depending  on  local  conditions,  the  water  film  on  the  skin 
of  an  aircraft  will  range  in  pll  from  moderately  alkaline  to  moderately  acidic. 
We  were  concerned  with  developing  corrosion  Inhibiting  oxide  films  that 
function  effectively  In  this  intermediate  pH  range. 

Some  general  criteria  for  assessing  oxide  corrosion  resistance  were 
needed  to  guide  our  Investigation.  The  problem  Is  perhaps  best  approached  by 
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first  asking  what  characteristics  might  be  expected  to  render  an  oxide 
vulnerable  to  chemical  attack,  and  by  then  requiring  the  opposite  character¬ 
istics.  Our  criteria  for  corrosion  resistance  are  discussed  in  detail  in 
succeeding  paragraphs.  Naturally,  an  effective  protective  oxide  will  not 
necessarily  satisfy  all  of  these  requirements  simultaneously,  although  some 
requirements,  such  as  the  uniformity  of  the  oxide  films,  are  in  fact  necessary 
conditions  for  corrosion  protection. 

1.  LOW  ELECTRONIC  CONDUCTIVITY 

Increased  availability  of  conduction  electrons  in  a  compound  is  asso¬ 
ciated  with  increased  chemical  reactivity.  This  fact  is  verified  by  exper¬ 
iments  both  in  heterogeneous  catalysis  and  in  electrochemistry.  Low  electri¬ 
cal  conductivity  is  therefore  essential  in  a  corrosion-resistant  oxide.  Oxides 
may  exhibit  both  intrinsic  and  extrinsic  semiconductivity.  Low  intrinsic 
conductivity  is  synonymous  with  a  wide  band  gap.  Extrinsic  conductivity  in  an 
oxide  results  from  impurities  or  through  departures  from  stoichiometry.  Both 
impurities  and  departures  from  stoichiometry  result  in  the  introduction  of 
extra  charge  carriers  into  the  oxide.  Departures  from  stoichiometry  are 
facilitated  if  the  cations  in  an  oxide  are  capable  of  existing  in  more  than 
one  valence  state.  In  such  cases,  an  oxygen  atom  can  be  removed  from  the 
material,  which  results  in  an  oxygen  vacancy,  and  charge  neutrality  is  main¬ 
tained  by  the  concomitant  reduction  or  partial  reduction  of  a  metal  ion. 

2.  LOW  IONIC  CONDUCTIVITY 

Ionic  transport  through  an  oxide  film  (as  well  as  electron  transport 
previously  mentioned)  can  result  in  chemical  reaction  and  thus  implies  that 
the  oxide  is  not  protective.  If  ionic  transport  is  to  be  minimized,  certain 
constraints  are  placed  on  the  oxide  crystal  structure.  Structures  in  which 
channels  exist  and  permit  easy  migration  of  ions  are  necessarily  precluded. 

In  general,  one  would  anticipate  that  greater  covalent  bond  character  in  an 
oxide  implies  less  easy  cation  migration  since  covalent  bonds  are  directional 
and  movement  of  a  covalently  bonded  atom  requires  breaking  of  these  directed 
bonds  and  a  correspondingly  large  expenditure  of  energy.  Tetrahedral  coordi¬ 
nation  of  the  cation  (i.e.,  four  oxygen  neighbors  about  each  cation  in  the 
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directions  of  the  vertices  of  a  circumscribed  tetrahedron,  similar  to 
SIO2)  Is  the  crystal  symmetry  most  closely  associated  with  covalent  bonding. 

In  transition  metal  oxides,  the  cation  Is  generally  octahedral ly  coordinated, 
although  half  of  the  cation  sites  In  the  common  spinel  structure  are  tetrahe¬ 
dral.  As  a  general  rule,  one  concludes  that  tetrahedral  bonding  would  be 
desirable.  Octahedral  coordination  would  be  the  next  most  satisfactory  atomic 
arrangement. 

3.  LOW  SOLUBILITY 

Low  solubility  over  the  pH  range  of  interest  Is  required  for  a  protective 
oxide.  The  Implications  of  this  fact  will  be  discussed  In  greater  detail  In 
succeeding  paragraphs. 

4.  PROPER  COORDINATION  WITH  SUBSTRATE  METAL 

A  protective  oxide  must  easily  form  coordinate  bonds  with  the  substrate 
metal  either  as  In  a  solid  solution  or  through  the  formation  of  a  stable  com¬ 
pound.  This  bonding  requirement  Is  essential  If  the  oxide  Is  to  form  a  con¬ 
tinuous  film.  A  continuous  surface  film  Is  necessary  If  an  oxide  Is  to  be 
protective;  discontinuities  expose  reactive  metal  atoms.  Continuity  of  the 
surface  oxide  film  also  ensures  mechanical  stability,  l.e.,  resistance  to 
abrasion  and  flaking.  The  existence  of  a  close-packed  plane  of  surface  oxygen 
atoms  greatly  facilitates  oxide-substrate  bonding  since  both  the  substrate  and 
the  surface  oxide  layer  can  share  a  common  oxygen  plane.  Oxide  crystal  lat¬ 
tices  that  have  a  closed-packed  surface  plane  of  oxygens  will  exhibit  higher 
relative  stability  In  an  oxidizing  environment. 

The  criteria  previously  presented  do  not  constitute  a  set  of  completely 
Independent  requirements.  For  example,  the  crystal  structure  adopted  by  an 
oxide  Is  connected  with  metal-oxygen  bond  ionlclty.  Nevertheless,  In  summary, 
these  criteria  provided  a  useful  conceptual  framework  within  which  we  con¬ 
sidered  the  problem  of  oxide  stability  and  corrosion  protection. 

B.  EXAMPLES  OF  PRESENTLY  USED  PROTECTIVE  OXIDE  COATINGS 

Metals  are  normally  covered  with  a  thin  oxide  film,  typically  about  40  A 
thick.  This  film  provides  some  corrosion  resistance,  but  protection  Is  not 
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complete,  primarily  because  of  discontinuities  in  the  oxide.  Greater 
corrosion  resistance  may  be  Imparted  to  aluminum  by  Increasing  the  thickness 
of  the  aluminum  oxide  film,  as  In  the  anodizing  process.  Anodizing  does  not, 
however.  Increase  corrosion  resistance  in  direct  proportion  to  the  increase  in 
oxide  thickness  because  of  the  porous  nature  of  the  film  formed.  Another 
method  of  increasing  oxide  thickness  is  through  chemical  reactions  similar  to 
chromate  conversion  coatings  that  form  an  oxide  layer  at  an  aluminum  surface. 
Coatings  of  this  type  are  based  on  the  fact  that  Cr203  is  both  an  insoluble 
oxide  and  forms  a  solid  solution  with  AI2O3.  Therefore  a  thicker,  well-bonded 
film  is  easily  formed  on  aluminum.  Chromate  coatings  provide  an  example  of  a 
multicomponent  oxide  system. 

C.  MIXED  OXIDE  SYSTEMS;  NEW  TYPES  OF  PROTECTIVE  COATINGS 

In  our  original  research  proposal,  it  was  stated  that  mixed  oxide  sys¬ 
tems,  l.e.,  distinct  surface  compounds  formed  from  oxides  in  definite  propor¬ 
tions,  offer  considerable  promise  for  corrosion  protection.  Mixed  oxide  sys¬ 
tems  are  perhaps  best  approached  through  a  discussion  of  the  acid-base  charac¬ 
teristics  of  oxides,  and  we  digress  briefly  to  discuss  this  subject.  In  the 
general  Lewis  concept  of  acids  and  bases,  a  base  is  any  substance  capable  of 
acting  as  an  electron  donor,  and  an  acid  is  any  substance  capable  of  acting  as 
an  electron  acceptor.  The  acid-base  characteristics  of  a  number  of  oxides  of 
Interest  are  summarized  in  Table  1.  Oxides  of  nonmetals,  e.g.,  NO2,  SO3,  are 
strongly  acidic.  Oxides  of  metals  range  from  strongly  basic,  e.g.,  alkali 
metal  oxides,  to  strongly  acidic,  e.g.,  CrO^,  Mn202.  Several  oxides  are 
capable  of  displaying  both  basic  or  acidic  character.  Such  oxides  are  called 
amphoteric. 

The  acid-base  nature  of  an  oxide  is  found  to  correlate  reasonably  well 
with  the  calculated  charge  on  the  oxygen,  as  is  also  indicated  in  Table  1. 

The  calculated  charge  on  oxygen  reflects  the  electronegativity  difference 
between  oxygen  and  the  cation.  There  are  a  variety  of  schemes  for  calculating 
charges  on  atoms  in  compounds  based  on  different  electronegativity  scales. 

The  oxygen  charges  in  Table  1  have  been  computed  by  using  the  system  of 
Sanderson  (Ref.  9).  Partial  charges  computed  in  this  way  are  smaller  in 
magnitude  than  those  computed  by  using  Pauling  electronegativities;  however. 
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Table  1.  Partial  Charge  on 

Oxygen  and 

Acid-Base 

Properties^  of  Oxides*’ 

6  (units  of  /e/) 
o 

Oxide 

Base 

Acid 

-0.96 

CS2O 

S 

0 

-0.57 

CaO 

s 

0 

-0.56 

s 

0 

-0.53 

TiO 

s 

0 

-0.45 

w 

0 

-0.42 

MgO 

w 

0 

-0.41 

MnO 

w 

0 

-0.40 

NIO 

VW 

0 

-0.40 

CoO 

VW 

VW 

-0.40 

FeO 

VW 

VW 

-0.39 

VW 

w 

-0.39 

Ti02 

VW 

w 

-0.37 

Cr  2^3 

w 

VW 

-0.35 

M0O2 

0 

0 

-0.34 

Mn20^ 

VW 

0 

-0.33 

Fe203 

VW 

VW 

-0.32 

CuO 

VW 

VW 

-0.31 

AI2O3 

VW 

VW 

-0.31 

WO3 

0 

w 

-0.29 

Mn02 

VW 

w 

-0.28 

M0O3 

0 

M 

-0.25 

Cr03 

0 

s 

-0.20 

Mn20y 

0 

s 

-0.08 

SO3 

0 

s 

-0.05 

NO2 

0 

s 

S,  strong;  M,  medium;  W,  weak;  VW,  very  weak;  VW,  very  weak  favored. 

Data  taken  from  R.  T.  Sanderson,  Inorganic  Chemistry,  Relnhold,  New  York 
0967).  - - ^ 


the  nunerlcal  values  obtained  have  considerable  experimental  justification, 
and  the  calculations  may  he  readily  performed  for  complex  compounds.  In  any 
event,  the  details  of  the  present  discussion  actually  depend  on  the  relative 
values  of  calculated  charges,  and  this  relative  ordering  does  not  critically 
depend  on  the  method  of  calculation  used. 

The  relevant  observation  pertinent  to  corrosion  protection  is  that 
strongly  acidic  oxides  will  dissolve  in  basic  and  neutral  media,  whereas  basic 
oxides  will  dissolve  In  addle  and  neutral  media.  However,  amphoteric  oxi'-'es, 
although  sparingly  soluble  In  both  strongly  acidic  and  strongly  basic  media, 
are  not  soluble  In  the  middle  ranges  of  pH  values  Important  for  corrosion  pro¬ 
tection  of  metal  aircraft  surfaces.  In  Table  1,  It  Is  shown  that  oxides  such 
as  AI2O3  and  Cr203,  which  are  generally  thought  of  as  protective,  are  in  fact 
amphoteric,  as  would  be  expected. 

We  now  note  that  three  of  the  four  criteria  for  corrosion  protection  set 
forth  above  may  be  Inferred  from  Table  1.  We  have  Just  discussed  oxide  solu¬ 
bility.  The  most  basic  oxides  are  known  to  be  Ionic  conductors,  hence  un- 
sulted  as  protective  coatings  from  this  standpoint  as  well  as  because  of  their 
solubility.  On  the  other  hand,  the  higher  oxides  of  a  metal  tend  to  be  less 
Ionic  than  the  lower  oxides  since  more  oxygen  atoms  are  In  competition  for  the 
electrons  of  the  cation;  hence  the  average  oxygen  partial  charge  Is  lowered. 
This  effect  Is  synonymous  with  higher  acidity.  Greater  acidity  Is  associated 
not  only  with  increased  solubility  In  aqueous  neutral  and  basic  media,  but 
with  Increased  electronic  conductivity  as  well.  Tlierefore,  the  criteria 
formulated  In  Section  III. A  also  lead  to  the  conclusion  that  amphoteric  oxides 
provide  the  best  choice  for  corrosion-resistant  oxides. 

By  using  mixed  oxide  systems  for  corrosion  protection,  the  use  of  a  whole 
new  range  of  amphoteric  complex  oxides  as  protective  films  Is  opened  for 
Investigation.  Furthermore,  we  devised  a  set  of  guidelines  for  the  selection 
of  candidate  materials.  Partial  oxygen  charges  on  several  mixed  oxides, 
calculated  by  using  the  methods  of  Ref.  9,  are  presented  In  Table  2.  The 
charge  on  oxygen  Is  Intermediate  between  the  oxvgen  charges  In  the  constituent 
materials.  In  other  words,  the  oxygen  charge  Is  amenable  to  manipulation  to 
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Table  2.  Flnthaipv  of  Formation  and  Partial  Charge  on  Oxygen  In  Some 
Mixed  Oxide  Systems 


12  Ca0.7Al,0,  -0.43  -4644  -4625  -19.0 


provide  optimum  corrosion  protection.  Since  proper  coordination  with  the  sub 
strate  material  is  essential  for  corrosion  protection,  protective  oxides  are 
also  required  to  have  certain  crystal  structures  with  a  certain  range  of  lat¬ 
tice  parameters.  However,  because  of  the  large  number  of  potentially  useful 
oxide  systems.  It  Is  In  principle  possible  to  simultaneously  satisfy  all  nec¬ 
essary  requirements  and  thus  devise  oxide  films  for  aircraft  aluminum  alloys 
with  truly  superior  corrosion  resistance. 


IV.  FORMATION  AND  CHARACTERIZATION  OF  CHROMATE  COATINGS 


Although  chromate  conversion  coatings  have  been  used  on  aluminum  since 
1915  (Ref.  10),  precisely  how  the  chromate  conversion  reaction  proceeds,  the 
nature  of  the  resultant  protective  coating,  and  the  mechanism  of  corrosion 
protection  were  still  not  well  understood  prior  to  this  Investigation. 

A.  COATING  DEPOSITION 

1.  EXPERIMENTAL  PROCEDURES 

All  chromate  coating  solutions  contain  chromic  acid  or  one  of  Its  soluble 

salts  as  a  source  of  hexavalent  chromium.  However,  no  chemical  reaction  with 

the  metal  surface  Is  observed  unless  other  chemical  species  are  added  to  the 

chromate  solution  in  order  to  activate  or  promote  the  reactions  that  result  In 

Che  formation  of  the  coating.  Coatings  are  usually  applied  to  aluminum  with 
one  of  many  commercially  available  proprietary  solutions.  However,  It  was  be¬ 
lieved  that.  In  order  to  study  the  mechanism  of  film  growth,  the  exact  chemi¬ 
cal  composition  of  the  chromatlng  solution  had  to  be  known.  Therefore,  the 
solutions  were  prepared  by  following  various  published  formulas.  Both  the 
chemical  composition  and  the  concentration  of  solution  constituents  could  then 
be  varied  In  order  to  determine  the  effects  on  the  composition  and  properties 
of  the  coatings.  A  coating  produced  from  one  of  the  commercially  available 
solutions  was  also  examined  to  make  the  study  more  relevant  to  current  tech¬ 
nology.  Some  recent  studies  have  also  characterized  these  coatings  by  surface 
methods  (Refs.  11-15). 

All  coatings  were  applied  to  coupons  of  aluminum  1100  alloy  (commercially 
pure  99.9%  aluminum).  Pure  aluminum  was  selected  in  preference  to  the  high- 
strength  aluminum  alloys  to  minimize  the  complicating  effects  of  the  alloying 
metals  and  to  gain  better  Insight  Into  the  reaction  of  aluminum  with  the  vari¬ 
ous  solutions.  The  procedure  for  preparing  all  coatings  follows: 

a.  Degrease  with  trlchloroethane  in  an  ultrasonic  bath  at  room 
temperature  for  2  to  5  rain. 

b.  Rinse  with  distilled  water. 
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c.  Clean  In  an  alkaline  solution  consisting  of  18  g/llter  Na2C03  anH  8 
g/llter  Na2S103  at  90“C  for  4  to  6  min. 

d.  Rinse  with  distilled  water. 

e.  Clean  with  Alumlprep  (Amchero  Products),  which  contains  phosphoric  add 
and  a  detergent,  at  room  temperature  for  4  to  6  min. 

f.  Rinse  with  distilled  water. 

g.  Immerse  In  chromate  conversion  coating  solution. 

h.  Rinse  with  distilled  water. 

1.  Dry  in  air  at  55  to  60‘’C  for  15  to  20  min. 

j.  Store  In  a  desslcator. 

All  coatings  were  analyzed  for  their  surface  elemental  composition  using 
AES.  Specimens  were  then  depth  profiled  (see  Section  II). 

The  energies  of  the  Auger  peaks  simultaneously  monitored  during  depth 
profiling  were:  oxygen,  503  eV;  aluminum,  1378  eV;  chromium,  571  eV;  and  flu¬ 
orine,  647  eV.  The  approximate  sputter  rate  was  determined  at  8  x  10”^  Torr 
argon  pressure,  2-kV  accelerating  voltage,  and  20-mA  ion  beam  current,  to  be 
100  ±  15  A/min  for  Ta205.  The  coating  thickness  is  taken  as  the  depth  at 
which  the  oxygen  signal  decreases  to  10%  of  the  surface  value.  Since  the 
coating  thickness  for  each  treatment  varies  slightly  from  coupon  to  coupon,  as 
well  as  from  site  to  site  on  the  same  coupon,  the  thickness  values  presented 
are  the  average  of  at  least  six  sites  on  at  least  three  similarly  prepared 
coupons.  The  standard  deviation  Is  reported  where  appropriate.  Since  the 
sputter  rate  for  Ta205  may  differ  from  that  for  CrOOH  or  AlOOH  (Ref.  16),  the 
absolute  values  of  the  depths  reported  here  must  be  considered  approximate. 
However,  the  depths  were  measured  consistently,  and  the  relative  depth  values 
are  more  accurate  than  the  absolute  values. 

The  relative  amounts  of  chromium  (III)  and  chromium  (VI)  on  the  surfaces 
of  the  various  coatings  were  determined  by  XPS  analysis.  The  overlapping 
chromium  were  resolved  by  fitting  two  Gaussian  curves  to  the 

spectra.  Ion  microprobe  mass  analysis  (more  sensitive  than  Auger  spectroscopy 
for  some  species)  revealed  no  cations  other  than  chromium  and  aluminum  In  any 
of  the  coatings  studied. 


Salt  fog  corrosion-resistance  evaluation  was  conducted  as  described  in 
Section  II. 

It  was  determined  that  in  order  for  a  corrosion-resistant  coating  to  form 
on  aluminum,  either  hydrogen  fluoride  or  hydroxide  ions  must  be  present  in  the 
coating  solution  in  combination  with  the  hexavalent  chromium.  The  two  simp¬ 
lest  coating  formulas  that  typify  this  combination  are  the  alkaline  modified 
Bauer-Vogel  (MBV)  solution  (Ref.  17)  and  the  acidic  Standard  Telephones  and 
Cables  (STC)  solution  (Ref.  18).  The  MBV  coating  solution  consists  of  30 
g/llter  Na2C02  and  15  g/llter  Na2CrO^.  The  carbonate  hydrolyzes  in  solution 
and  results  in  a  pH  of  about  11.  This  coating  is  applied  by  immersion  in  the 
solution  for  3  to  4  min  at  90°C.  The  STC  solution  contains  4  g/llter  CrOj,  3 
g/liter  Na2Cr20y • 2H2O,  and  0.8  g/llter  NaF.  It  is  applied  at  30°C  for  3  to  4 
min.  The  predominant  fluoride  species  at  this  fluoride  concentration 
(approximately  2  x  10  ^M)  and  pH  (approximately  1.5)  is  HF  (Ref.  19). 

The  mechanisms  of  film  growth  of  the  MBV  and  STC  coatings  are  probably 
similar,  with  the  hydroxide  ions  and  the  hydrogen  fluoride  playing  analogous 
roles.  However,  since  many  of  the  currently  used  proprietary  solutions  have 
the  chromate-fluoride  formula  as  a  basis  (Refs.  11,  12),  the  emphasis  in  this 
study  is  on  the  STC  coating  solution. 

2.  COATING  CHARACTERIZATION 

The  modifications  of  the  STC  solution  studied  include  variations  in  the 
chromate,  fluoride,  and  hydrogen  ion  concentrations,  as  well  as  the  solution 
temperature  and  time  of  immersion  of  the  aluminum  coupons.  Auger  depth  pro¬ 
files  of  the  coatings  resulting  from  each  of  these  variations  were  correlated 
with  the  corrosion  resistance  demonstrated  in  the  salt-fog  chamber.  The  re¬ 
sults  are  summarized  in  Table  3. 

An  Auger  depth  profile  of  aluminum  after  cleaning  with  "Alumlprep"  and 
rinsing  with  distilled  water  is  shown  in  Fig.  1.  A  thin  aluminum  oxide  layer 
covers  the  metal  (60  to  80  A  thick).  No  residue  from  either  the  phosphoric 


Table  3.  Corrosion  Resistance  and  Film  Thicknesses 


Procedure 

Time  to  Visible 
Corrosion  In 
Salt-Fog  Chamber 
(hr) 

Thickness 

(A) 

After  cleaning  with  Alumlprep 

5  - 

10 

60  ± 

20 

STC  coating,  30  sec  to  16  tnln  In 
solution,  30“C,  pH  ■  1.5 

200  - 

250 

700  ± 

100 

MBV  coating 

225  - 

275 

3000  ± 

500 

Alodlne  1500  coating 

175  - 

225 

1000  ± 

200 

STC  coating  without  NaF 

10  - 

20 

160  ± 

20 

STC  coating,  5  sec  In  solution 

50  - 

75 

175  ± 

40 

STC  coating,  10  sec  In  solution 

70  - 

90 

300  i 

30 

STC  coating,  15  sec  In  solution 

60  - 

80 

365  i 

35 

STC  solution,  5  sec  followed  by 

4  min  in  STC  without  NaF 

45  - 

60 

100  ± 

20 

STC  solution,  pH  *  1.1 

200  - 

250 

640  ± 

100 

STC  solution,  pH  •  2.0 

200  - 

250 

675  ± 

100 

STC  solution,  pH  »  2.5 

150  - 

200 

-H 

O 

O 

50 

STC  solution,  pH  «  3.5 

80  - 

120 

280  ± 

50 

STC  solution,  pH  «  4.8 

25  - 

50 

200  ± 

50 

STC  solution,  NaF  x  0. 1 

25  - 

35 

200  ± 

50 

STC  solution,  NaF  x  10 

.25  - 

35 

170  ± 

50 

STC  solution,  NaF  x  0. 5 

200  - 

250 

■H 

o 

70 

STC  solution,  NaF  x  2 

210  - 

270 

710  ± 

70 
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acid  or  the  detergent  Is  detected  on  the  surface.  This  natural  oxide  coating 
offers  very  little  protection  from  corrosion  In  the  salt-fog  chamber  (Table 
3).  Figure  2  Is  a  depth  profile  of  the  STC  coating,  which  Is  about  700  A 
thick  and  consists  of  a  layer  of  chromium  oxide  over  a  layer  of  nixed 
chromlun-alumlnum  oxide.  Very  little  aluminum  was  detected  on  the  surface.  A 
small  amount  of  fluoride  was  found  throughout  the  coating,  and  a  small  amount 
of  sodium  (<1%)  was  detected  on  the  surface  of  some  samples.  However,  no 
sodium  was  detected  In  any  sample  at  depths  greater  than  10  A.  This  lack  of 
sodium  In  the  coating  was  confirmed  with  IMMA,  by  which  as  little  as  10  ppm 
sodium  can  be  detected.  The  approximate  surface  concentrations  of  the 
elements  found  are:  oxygen,  63  at%;  chromium.  31  at%;  fluorine,  3  at%;  and 
aluminum,  3  at%.  The  chromium  Is  found  throughout  the  coating,  extending  to 
the  Interface  between  the  aluminum  metal  and  the  oxide.  After  the  chromium  Is 
at  a  maximum  of  approximately  120  A,  the  oxygen-chromium  atomic  ratio  Is  about 
1.8:1  and  Is  constant  throughout  the  coating  to  the  aluminum  metal  surface. 
X-ray  photoelectron  spectroscopy  data  on  these  samples  Indicate  that  both 
trl valent  and  hexavalent  chromium  are  present  on  the  surface  In  the 
approximate  ratio  of  2:1  [Cr(III):Cr(VI)].  The  crystalline  structure  cannot 
be  detected  In  the  coating  by  electron  means  or  x-ray  diffraction.  Indicating 
that  It  probably  Is  amorphous. 

The  .\uger  depth  profile  of  the  MBV  coating  Is  very  similar  to  that  of  the 
STC  coating  except  that  no  fluorine  Is  present  and  the  thickness  Is  approxi¬ 
mately  3000  A.  A  commercial  chromate-fluoride  coating  known  as  Alodlne  1500 
(Anchera  Products)  also  has  a  similar  depth  profile  to  that  of  the  STC  and  a 
thickness  of  approximately  1000  A.  No  coating  Is  formed  when  NaF  Is  omitted 
from  the  STC  solution  or  when  It  Is  replaced  by  equal  molar  quantities  of  NaCl 
or  Na2S0^.  A  depth  profile  of  the  coating  resulting  with  the  NaF  omitted  from 
the  STC  solution  Is  shown  In  Fig.  3.  In  this  case,  the  chromium  does  not  pen¬ 
etrate  to  the  alumlnum-oxlde  Interface,  but  is  located  on  top  of  the  aluminum 
oxide  layer. 

Neither  the  thickness  nor  the  corrosion  protection  of  the  STC  coating 
varies  with  the  amount  of  time  the  coupon  Is  Immersed  ,  .  the  solution  (30  sec 
to  16  min)  (Fig.  4).  However,  the  amount  of  aluminum  In  the  solution,  as 


Fig.  2.  STC  Coating  at  30®C 


’em, 
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determined  by  atomic  absorption  spectroscopy,  increases  with  time  (Fig.  5). 

The  coating  thickness  varies  with  the  temperature  of  the  solution  (25  to 
40®C).  The  coating  Is  thicker  at  the  lower  temperatures,  and  the  variation  Is 
about  -15  A/°C  (Fig.  6).  However,  no  variation  in  corrosion  protection  was 
observed  in  any  of  the  samples  prepared  in  this  temperature  range. 

The  pH  of  the  STC  solution  varied  from  approximately  1.1  to  4.8  by 
changing  the  Cr03:Na2Cr20^* 2H2O  ratio  while  holding  the  total  amount  of  Cr(VI) 
constant.  The  coating  thickness  and  corrosion  protection  are  similar  from  pH 

I  to  approximately  pH  2,  but  at  higher  pH  the  coatings  produced  are  thinner 
(Fig.  7)  and  less  corrosion  resistant  (Table  3).  The  F  or  Cr(VI) 
concentrations  can  be  varied  by  a  factor  of  two  in  either  direction  without 
affecting  the  thickness  or  corrosion  protection.  However,  varying  the  F  con¬ 
centration  by  a  factor  of  ten  in  either  direction  results  in  a  thin  (100  to 
150  A)  coating  with  very  poor  corrosion  resistance  (Table  3). 

B.  MECHANISM  OF  COATING  GROWTH 

The  observation  that  only  a  very  thin  chromate  film  is  formed  on  top  of 
the  aluminum  oxide  layer  when  the  fluoride  is  omitted  from  the  STC  solution 
(Fig.  3)  and  that  chromium  is  found  at  the  metal-oxide  Interface  in  the  STC 
coatings  (Fig.  2)  leads  to  the  conclusion  that,  in  order  for  film  growth  to 
proceed,  the  chromate  solution  must  directly  contact  the  aluminum  metal.  The 
Initial  aluminum  oxide  surface  coating  must  be  penetrated  in  order  for  contact 
to  occur,  which  is  pro:  y  one  reason  why  hydrogen  fluoride  or  hydroxide  is 

necessary  In  the  coating  solution.  Aluminum  oxide  is  etched  in  either  a 
hydrogen  fluoride  solution  at  pH  1.5  (Ref.  15)  or  a  hydroxide  solution  at  pH 

II  (Ref.  10); 

AlOOH  +  3  HF  -*•  AIF3  (soluble)  +  2H2O  (la) 

AlOOH  +  OH"  +  H2O  ♦  A1(0H)~  (soluble)  (lb) 


Fig.  5.  Aluminum  Dissolved  In  STC  Solution  at  30“C 
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In  addition  to  their  role  In  the  Initial  dissolution  of  aluminum  oxide, 
the  fluoride  or  hydroxide  Ions  nlay  a  role  throughout  the  coating  growth  pro¬ 
cess.  Aluminum  coupons  were  Immersed  in  the  STC  solution  for  5  sec  and  then 
quickly  transferred  without  rinsing  to  a  solution  containing  Identical  con¬ 
centrations  of  CrO^  and  Na2Cr207,  but  no  NaF,  for  4  nin.  Five  seconds  In  the 
STC  bath  was  sufficient  time  to  etch  the  original  oxide  film  and  for  the  STC 
coating  to  start  growing  (Fig.  8).  If  the  hydrogen  fluoride  served  only  this 
purpose,  then  the  coating  on  the  coupon  described  would  be  the  normal  STC 
coating.  However,  a  much  thinner  coating  with  very  poor  corrosion  resistance 
results  from  this  treatment  (Fig.  9),  indicating  that  the  hydrogen  fluoride 
plays  a  continuing  role  In  the  coating  growth  process. 

After  the  protective  aluminum  oxide  coating  Is  etched  by  the  hydrogen 
fluoride,  the  next  reaction  In  the  postulated  mechanism  Is  the  reaction  of  the 
dlchromate  with  the  aluminum  metal: 


Cr20'  +  2A1'’  +  2H*  +  H2O  -*•  2Cr00H+  +  2A100H+  (2) 


The  precipitation  of  the  hydrated  mixed  oxide  on  the  aluminum  metal  surface 
begins  the  coating  growth.  The  AlOOH  In  the  mixed  oxide  Is  then  dissolved  by 
the  hydrogen  fluoride,  leaving  the  less  soluble  CrOOH  on  the  surface.  This 
process  continues  as  the  coating  grows  outward  from  the  metal  surface.  Alumi¬ 
num  metal  or  oxide  Is  dissolved  wherever  It  contacts  the  solution  and  Is  re¬ 
placed  with  Insoluble  amorphous  hydrated  chromium  (III)  oxide,  which  protects 
the  aluminum  from  further  attack  by  the  hydrogen  fluoride.  The  solution  con¬ 
tinues  to  attack  through  any  weak  spots  In  the  coating,  and  any  channel  that 
would  otherwise  be  available  for  a  corroding  Ion  to  penetrate  becomes  clogged 
with  Impervious  hydrated  chromium  oxide: 


2A1'’  +  Cr20"  +  2H'*'  +  6HF  -*•  2AlF3(soluble)  +  2Cr00H+  +  3H2O 
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(3). 


Some  of  these  weak  spots  and  channels  may  be  created  by  the  fluoride  ions  that 
are  incorporated  into  the  coating. 

As  the  coating  continues  to  grow,  it  is  probable  that  more  aluminum  metal 
is  oxidized  at  the  metal-oxlde  Interface  as  electrons  are  drawn  through  the 
coating  by  the  oxidizing  action  of  the  chromate  ions  adsorbed  on  the  surface. 
Since  any  Al+^  ion  that  travels  through  the  coating  to  the  surface  is  dis¬ 
solved  into  the  solution,  a  concentration  gradient  develops,  and  a  dynamic 
equilibrium  is  established  between  aluminum  oxidation  at  the  netal-oxlde  in¬ 
terface  and  Al'*'^  dissolution  at  the  surface.  This  process  is  shown  sche- 
matlcally  In  Fig.  10.  The  aluminum  metal  is  oxidized  to  A1  at  the  netal- 
oxlde  Interface,  and  the  Al+3  ions  diffuse  through  the  coating  to  the  surface, 
where  they  are  dissolved  into  the  solution.  Data  shown  in  Fig.  5  indicate 
that  at  30°C,  steady  state,  the  aluminum  dissolves  at  the  rate  of  about 
1  pg/cm^/mln  =  40  A  of  Al/mln.  The  electrons  are  drawn  through  the  coating, 
reducing  the  Cr20y  adsorbed  on  the  surface. 

The  CrOOH  that  is  deposited  on  the  surface  is  somewhat  soluble  in  the  STC 
solution: 


CrOOH  +  3  HF  >CrF3(soluble)  +  2H2O 


(4) 


which  indicates  that  the  coating  surface  is  continuously  dissolving  and  re 
forming.  The  stoady-state  equation  after  the  coating  reaches  equilibrium 
thickness  is  postulated  to  be  the  sum  of  Eqs.  (4  and  5): 


ZAl"  +  Cr20  “  +  +  12HF  +2AIF3  +  2CrF3  +  7H2O  (5) 


The  net  effect  is  the  dissolution  of  aluminum  metal  with  a  concurrent  hviildup 
of  trivalent  chromium  in  the  solution.  The  expected  rise  in  the  pH  of  the 
solution  as  the  H"*"  is  depleted  with  time  was  observed. 
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Fig.  10.  Mechanism  of  Coating  Growth 


Since  the  coating  thickness  does  not  continue  to  Increase  with  Immersion 
time  after  30  sec,  one  of  the  reactions  In  the  mechanism  described  previously 
must  limit  the  equilibrium  thickness.  One  possibility  Is  that  the  coating 
thickens  until  the  metal  Is  screened  from  the  oxidizing  potential  of  the 
solution.  In  this  case,  the  electronic  resistivity  of  the  coating  reaches  a 
limiting  value,  and  the  oxidizing  power  of  the  chromate  solution  is  no  longer 
felt  at  the  roetal-oxlde  Interface.  Aluminum  oxidation  ceases  until  some  of 
the  coating  Is  dissolved,  at  which  time  the  resistivity  drops,  and  oxidation 
begins  again. 

Another  equally  likely  possibility  is  that,  after  the  Initial  formation 
of  the  coating,  the  CrOOH  being  deposited  on  the  surface  dissolves  at  the  same 
rate  at  which  it  Is  produced.  The  temperature  dependence  (Fig.  6)  suggests 
that,  at  higher  temperatures,  the  rate  of  Eq.  (4)  (CrOOH  dissolution)  may  be 
increased  more  than  the  rate  of  Eq.  (3)  (CrOOH  formation).  Therefore,  the 
kinetic  equilibrium  between  coating  formation  and  coating  dissolution  Is 
shifted  slightly  toward  dissolution,  and  the  coatings  are  thinner  at  the 
higher  temperatures.  However,  the  effect  may  also  be  explained  If  It  Is 
assumed  that  the  equilibrium  of  Eq.  (4)  is  shifted  to  the  right  at  higher 
temperature  and  the  equilibrium  of  Eq.  (3)  Is  less  temperature  dependent.  In 
either  case,  the  dissolution  of  CrOOH  can  act  as  the  thickness-limiting  reac¬ 
tion.  The  CrOOH  dlssolucion  mechanism  Is  consistent  with  the  fact  that  the 
MBV  coatings  are  thicker  than  the  STC  coatings  because  CrOOH  is  less  soluble 
In  the  alkaline  MBV  solution  than  In  the  acidic  STC  solution  (Ref.  19). 

The  growth  mechanism  described  Is  consistent  with  the  depth  profile  data 
for  the  coatings  at  various  stages  in  their  growth.  A  depth  profile  of  the 
coating  after  5  sec  in  the  STC  solution  Is  shown  In  Fig.  8,  and  the  profiles 
after  10  and  15  sec  are  shown  In  Figs.  11  and  12,  respectively.  After  5  sec, 
the  original  AlOOH  coating  Is  breached,  and  the  chromate  starts  to  attack  the 
aluminum  (chromium  is  found  at  the  metal-oxide  Interface).  At  this  point,  the 
coating  Is  approximately  200  A  thick.  By  means  of  XPS  the  chromium  on  the 
surface  Is  revealed  to  be  mainly  trlvalent,  but  a  small  fraction  (<  10%)  Is 
hexavalent.  After  10  sec  In  the  solution,  the  chromium  on  the  surface  has 
reached  Its  equilibrium  value  (approximately  31%),  and  a  concentration  maximum 
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PEAK-TO-PEAK  HEIGHT  (arbitrary  units) 


starts  to  form.  At  this  point,  the  coating  Is  approximately  300  A  thick. 

After  15  sec,  the  depth  profile  Indicates  that  qualitatively  the  coating  is 
completely  formed,  but  It  Is  only  about  400  A  thick.  After  30  sec,  the 
coating  Is  completely  formed  (approximately  700  A  thick.  Fig.  2).  It  appears 
that  some  chromate  Ions  remain  strongly  adsorbed  on  the  surface  and  are  found 
In  decreasing  quantities  within  120  A  of  the  surface.  The  oxygen-chromlun 
ratio  Is  higher  In  chromate,  which  explains  why  the  ratio  Is  greater  on  the 
surface  and  gradually  decreases  with  depth  to  the  chromium  maximum  at  120  A. 
Between  this  depth  and  the  metal-oxide  Interface,  the  chromium  Is  expected  to 
be  totally  trlvalent,  which  would  explain  the  constant  oxygen  to  chromium 
ratio  that  is  observed. 

A  further  role  for  the  fluoride  ions  Incorporated  into  the  STC  coating  Is 
suggested  by  Valand  and  Nilsson  In  a  recent  paper  (Ref.  20).  They  found  that 
both  anodic  and  cathodic  reaction  rates  were  Increased  when  F  Ions  were  In¬ 
troduced  Into  the  oxide  layer  on  hlgh-purlty  aluminum  electrodes.  They 
allowed  the  electrodes  to  stabilize  In  solutions  of  varying  fluoride  Ion 
concentrations  (5  x  10  to  10~^M)  at  pH  5.25.  After  stabilization,  varied 
potentlostatlc  steps  of  short  duration  were  applied  to  the  electrodes  and  the 
resultant  current  densities  were  measured.  Their  results  Indicate  that  both 
the  anodic  and  cathodic  reaction  rates  Increase  with  increases  In  fluoride  Ion 
concentration.  They  explain  this  effect  by  assuming  that  the  f“  Ions  replace 
some  of  the  0  ions  in  the  oxide  since  the  ionic  radii  are  similar  (rp-  = 

1 . 36  A  and  rQ  =  1.40  A).  The  change  In  charge  distribution  caused  by  this 
replacement  Increases  both  the  Ionic  and  electronic  conductivity,  which 
Increases  the  rates  of  the  electrode  reactions.  The  Ionic  conductivity  Is 
increased  more  because  of  the  formation  of  A1  vacancies  In  the  lattice 

1  O 

(fewer  A1  are  needed  for  charge  neutrality  In  AIF3  than  in  AI2O3).  These 

+3 

cation  vacancies  increase  the  transport  rate  of  the  A1  through  the  oxide  by 

means  of  a  vacancy-hopping  mechanism.  In  the  STC  coating,  the  fluoride  Ions 

that  are  Incorporated  Into  the  oxide  coating  would  be  expected  to  Increase  the 
+3 

mobility  of  the  A1  by  a  similar  mechanism.  In  addition,  It  has  been  shown 
theoretically  (Ref.  21)  that  Ionic  conduction  by  an  Impurity-Induced  mechanism 
Is  greatly  enhanced  In  thin  films  near  room  temperature  compared  to  Intrinsic 
conductivity  mechanisms. 
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The  predominant  fluoride  species  In  the  solution  at  pH  1.5  Is  hydrogen 
fluoride;  at  higher  pH,  Its  concentration  Is  lowered  as  It  dissociates: 

HF  -►  +  F"  '  (6) 

where  (HF)  ■  (F~)  at  pH  3.2  (Ref.  19),  which  may  explain  the  dependence  of  the 
coating  thickness  on  pH  (Fig.  7).  As  the  HF  concentration  decreases  at  higher 
pH,  more  aluminum  and  less  chromium  Is  found  on  the  surface  and  throughout  the 
coating,  which  Is  thinner  and  less  corrosion  resistant.  At  pH  4.8,  the  coat¬ 
ing  la  only  slightly  thicker  and  more  corrosion  resistant  than  the  coatings 
formed  In  the  total  absence  of  fluoride  (Table  3). 
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V.  TITANATE  COATINGS 


Our  detailed  study  of  the  chromate  coating  system,  largely  completed 
during  the  first  year  of  program  effort,  provided  Insight  Into  the  function  of 
protective  oxide  coatings  and  provided  a  standard  against  which  to  measure  the 
performance  of  new  coating  formulations. 

Tltanate-based  oxide  coatings  were  studied  as  a  prototype  system  to 
establish  the  feasibility  of  depositing  protective  mixed  oxide  films  on  alumi¬ 
num  at  room  temperature  under  benign  conditions.  We  wanted  to  examine  a 
coating  system  using  a  nonoxidizing  metal  reactant  (as  opposed  to  highly 
oxidizing  Cr"*^)  In  which  oxygen  from  the  air  or  dissolved  in  the  solvent 
oxidizes  aluminum.  Neither  HF  nor  0H“  Is  necessary  to  penetrate  the  Initial 
surface  oxide  layer.  Coating  formation  proceeds  by  a  substitution  reaction 
with  the  oxide.  Other  Investigations  have  previously  studied  the  mechanism  of 
hydrolysis  in  solution  (Refs.  22-30).  The  titanium  alkoxldes  are  readily 
available  commercially  (Dupont  ”Tyzor”  Products). 

A.  EXPERIMENTAL  PROCEDURES 

In  the  Initial  phase  of  the  investigation  of  the  titanium-aluminum  sys¬ 
tem,  coatings  were  deposited  on  commercially  pure  (AA  1100)  or  hlgh-purlty 
(99.999%)  aluminum.  After  developing  a  mechanism  for  coating  formation,  the 
work  was  extended  to  encompass  coating  deposltl'  on  three  of  the  most  common 
structural  aluminum  alloys.  The  coating  procedure  Is  the  same  for  all 
materials. 

The  experimental  procedure  for  coating  formation  Is  divided  Into  three 
parts:  (a)  preparation  of  aluminum  surfaces  that  have  thin  reproducible 

layers  of  aluminum  oxide;  (b)  application  of  a  thin  unconsolidated  tltanate 
film  by  Immersion  of  the  specimen  In  coating  solution;  and  (c)  hydrolysis  and 
drying  of  the  coating.  Figure  13  is  a  flow  chart  Illustrating  these 
procedures. 


*Amertcan  Aluminum  Association  designation. 
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1.  PREPARATION  OF 
INITIAL  THIN 
Ai  OXIDE 


1.  DEGREASE 

2.  ALKALINE  BATH 

3.  CHROMATE  BATH 


Fig.  13.  Coating  Steps  and  Analysis 
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For  initial  preparation,  the  test  coupons  were  (Ref.  10):  (a)  degreased 

with  trlchloroethane  in  an  ultrasonic  bath  at  room  temperature  for  2  to  5  rain; 
(b)  cleaned  with  an  alkaline  solution  that  contained  18  g/llter  Na2C02  and  8 
g/liter  Na2Si02  at  for  4  to  6  min;  (c)  rinsed  with  distilled  water;  (d) 

cleaned  with  a  chromate  cleaning  solution  that  contained  175  g/llter  CrO>j  and 
35  g/llter  H2S0^  at  40  to  60*0  for  4  to  5  min;  (e)  rinsed  with  distilled 
water;  and  (f)  air  dried  overnight. 

Aluminum  coupons,  hung  on  Teflon-covered  wires,  were  Immersed  in  the 
coating  solution  for  time  intervals  of  10  sec  to  30  min.  Coatings  were  formed 
using  several  different  types  of  organic  titanates.  Most  of  these  tltanates 
have  the  general  formula  Tl(OR)^,  where  "R"  represents  an  Isopropyl  group 
(Tyzor  ^TPT),  an  n-butyl  group  (Tyzor  TBT),  or  a  2-ethyl  hexyl  group  (Tyzor 
TOT).  A  partially  hydrolyzed  Tyzor  TBT  (Tyzor  PB)  was  also  used  as  was  an 
acetylacetonate  chelate  complex  (Tyzor  AA). 

In  the  case  of  the  titanium  alkoxides,  the  rate  of  film  formation  depends 
on  the  length  of  the  R  group.  Reaction  rates  with  the  tetrabutyl  tltanate 
were  found  to  give  the  best  performance,  and  Tyzor  TBT  was  thus  employed 
exclusively  In  our  later  Investigations.  Coating  solutions  consisted  of  0,01 
to  0.1  M  Dupont  Tyzor  TBT  In  either  reagent  grade  Isopropanol  or  toluene. 

These  solvents  were  dried  at  least  12  hr  with  anhydrous  magnesium  sulfate. 
Known  amounts  of  water  were  added  for  experiments  using  wet  solvents.  In  some 
experiments,  solvents  were  purged  with  nitrogen  before  the  tltanate  was  added 
In  order  to  test  the  effect  of  oxygen  on  coatings.  TBT  Is  normally  present  in 
solution  as  the  trlmer.  More  highly  polymerized  TBT  was  formed  by  the 
addition  of  water  to  trlmerlc  TBT;  0.5  M  TBT  solutions  In  Isopropanol  were 
mixed  with  small  amounts  of  water  (0.02  to  0,1  M)  and  were  aged  at  least  8 
hr.  The  solutions  were  then  diluted  to  0.06  M  TBT  with  Isopropanol  and 
applied  to  coupons.  The  partially  polmerlzed  commercial  Tyzor  product,  Tyzor 
PB,  was  not  sufficiently  well  characterized  with  respect  to  degree  of 
polymerization  for  our  purposes. 


Hydrolysis  of  the  coated  aluminum  coupons  was  effected  by  hanging  the 
coupons  in  crystallizing  dishes  (15  cm  In  diameter)  that  were  enclosed  in 
polyethylene  bags.  A  small  dish  of  water  was  placed  in  the  bag  for  100% 
relative  humidity,  or  a  small  dish  of  Drlerlte  was  placed  in  the  bag  for  low 
(less  than  10%)  relative  humidity.  Either  nitrogen  or  air  could  be  flowed 
throup.h  the  hag  to  studv  the  effect  of  flowing  gases  on  coating  hydrolysis. 
Some  coatings  were  hydrolyzed  in  room  air  at  30  to  100%  relative  humidity. 

All  hydrolysis  took  place  at  room  temperature. 

Characterization  of  deposited  titanate  coatings,  and  the  evaluation  of 
coating  corrosion  resistance,  were  accomplished  using  the  general  methods 
discussed  in  Section  II.  In  addition  to  the  Auger  peaks  listed  in  Section 
IV, A. 1,  the  titanium  LMM  peak  at  380  eV  was  monitored  In  this  phase  of  the 
study.  Sputter  rates  under  ion  bonbardment  were  as  discussed  in  Section 
TV. A. 1.  It  was  convenient  to  define  the  total  coating  thickness  as  the  depth 
at  which  the  oxygen  or  titanium  signals  dropped  to  10%  of  the  surface  values, 
t(10%).  The  beginning  of  the  mixed  region  is  defined  as  the  depth  at  which 
the  oxygen  or  titanium  signal  dropped  to  90%  of  the  surface  value,  t(90%) 

(Fig.  14).  The  fraction  of  mixed  oxide,  f,  in  this  coating  is  defined  by: 

f  •  lt(10%)  -  t(90%)]/t(10%) 

B.  GENERAL  MECHANISM  OF  FILM  FORMATION 

As  stated  in  Section  V.A,  the  formation  of  the  corrosion-resistant 
titanium-aluminum  oxide  films  is  accomplished  in  two  stages,  application  and 
hydrolysis  steps.  In  the  application  step,  the  aluminum  Is  immersed  In  the 
titanate  solution.  The  aluminum  coupons,  covered  by  a  solvated  titanate  film, 
are  then  permitted  to  hydrolyze  in  humid  air  (or  in  various  other  environ¬ 
ments),  which  results  In  the  formation  of  a  500  to  2000  A  thick,  mixed 
tttanlum-alumi num  oxide.  The  total  reaction  may  be  written 

2x  AlOOH  +  y  Tl(OR)^  +  (2y  -  x)H20  XAI2O3  •  yT102  +  4y  ROH  (7) 
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Auger  Depth  Profiles  of  Titanium-Aluminum 
Mixed  Oxide  Coatings  Deposited  from 
0.06  M  TBT  Solution.  (a)  Aluminum  oxide 
resulting  from  cleaning;  (b)  Dry  coating 
solution  hydrolyzed  in  dry  N2;  (c)  Wet  coating 
solution  hydrolyzed  in  moist  N2*  Note  scale 
change  for  depth  between  (a)  and  (b) 


where  AlOOH  represents  the  Initially  hydroxylated  aluralnun  surface  oxide  and 
xAl-j02*yTi02  represents  the  mixed  tltanlunr-alumlnum  oxide  surface.  We 
reiterate  that  the  titanium  alkoxides  have  the  generic  formula  Ti(OR)^,  where 
R  is  an  organic  group  (the  butyl  group  for  the  work  described  In  this  sec¬ 
tion).  Properties  of  the  coating  bath  (such  as  solvent  type,  residual  water 
concentration,  and  the  degree  of  polymerization  of  the  alkoxy  titanate)  and 
properties  of  the  hydrolysis  environment  (such  as  humidity)  can  affect:  (a) 
the  total  film  thickness;  (b)  the  thickness  of  the  titanium-alumlnvim  Interface 
region;  and  (c)  the  corrosion  resistance. 

The  mixed  titanium-aluminum  oxide  coatings  deposited  on  aluminum  from  TBT 
solutions  provide  a  thick,  corrosion-resistant  barrier.  This  surface  oxide 
provides  better  corrosion  protection  (about  110  hr  salt  spray  lifetime)  than 
the  thin  aluminum  oxide  layer  (less  than  30  hr  salt  spray  lifetime)  that  is 
grown  in  air  or  that  forms  during  the  cleaning  procedure.  The  peak-to-peak 
intensities  of  the  Auger  electron  peaks  of  the  indicated  elements  are  plotted 
against  the  depth  into  the  coating  in  Fig.  14.  The  aluminum  oxide  grown 
during  the  cleaning  procedure  was  only  about  150  A  thick.  Fig.  14(a). 

The  typical  solution-deposited  mixed  titanium-aluminum  oxide  Tllm  con¬ 
sists  of  two  regions:  an  Interfaclal  region  composed  of  a  mixed  oxide  and  an 
outer  region  that  consists  mainly  of  titanium  and  oxygen.  The  depth  profiles 
of  two  typical  mixed  oxide  coatings  are  shown  in  Figs.  14(b)  and  14(c).  The 
solution-formed  coatings  have  broad  Interfaclal  regions  consisting  of  mixed 
titanium  and  aluminum  oxides.  This  mixed  region  is  typically  60  to  90%  of  the 
entire  coating.  All  of  the  solution-deposited  coatings  in  this  study  had  a 
broad  Interfaclal  region  and  a  relatively  small  outer  layer  of  titanium  oxide. 

1.  ALUMINUM  OXIDATION 

Coatings  hydrolyzed  under  conditions  of  60  to  100%  relative  humidity. 

Fig.  14(c),  have  thicker  titanium  oxide  and  mixed  oxide  layers  (700  A)  than 
coatings  hydrolyzed  at  less  than  20%  relative  humidity  (400  A),  Fig.  14(b). 
Aluminum  oxidation  is  responsible  for  the  Increase  In  the  thickness  of  the 
mixed  oxide  layer.  Several  aluminum  oxidation  reactions  are  likely.  Aluminum 
can  react  with  the  isopropanol  solvent  at  room  temperature  to  form  aluminum 
Isopropoxlde  (Ref.  31): 
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(8) 


A1  +  3  iPrOH  Al(OPr-l)3 


Oxygen  can  also  form  the  oxide  directly  through  cracks  In  the  coating: 


A1  +  I 


O2 


AI2O3 


(9) 


These  two  reactions  c(  .irlbute  an  appreciable  number  of  aluminum  Ions  to  the 
oxide  since  the  mixed  region  formed  under  low  humidity,  Fig.  14(b),  where 
these  are  the  only  oxidation  mechanisms.  Is  thicker  than  the  original  aluminum 
oxide.  Fig.  14(a). 

Water  can  also  react  with  aluminum  to  form  the  hydrated  oxide  (Ref.  32): 


A1  +  2  H2O  AlOOH  +  5  H2 


(10) 


This  reaction  can  form  a  porous,  hydrated  aluminum  oxide  layer  from  a  dense, 
barrier-type  aluminum  oxide  (Ref.  33).  The  increase  in  porosity  of  the  alumi¬ 
num  oxide  may  expose  aluminum  metal  to  further  oxidation  by  water,  Eq.  (10), 
or  by  the  solvent,  Eq.  (8).  This  porosity  Induced  by  moisture  may  account  for 
the  thick  mixed  oxide  layer  of  coatings  hydrolyzed  In  high  humidity  atmo¬ 
spheres,  Fig.  14(c).  The  profile  of  a  radio  frequency  (rf)  sputtered  titanium 
dioxide  coating  Is  presented  In  Fig.  15.  This  coating  has  a  fairly  sharp, 
mixed,  oxide  Interface  that  constitutes  only  30%  of  the  total  coating  depth. 
The  outer  layer  consists  of  titanium  dioxide.  The  mixed  region  In  the  rf- 
deposlted  tltanlura-dloxlde  coatings  corresponds  to  the  original  aluminum  oxide 
produced  during  the  surface  preparation.  No  apparent  further  oxidation  of 
aluminum  occurs. 
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PEAK-TO-PEAK  HEIGHT 
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Determination  of  the  structure  of  the  mixed  titanium-aluminum  oxide 
region  depends  upon  the  accuracy  of  the  Auger  concentration  profiles.  The 
surface  roughness  of  the  aluminum  sample  can  broaden  the  apparent  Interfaclal 
region.  To  address  this  Issue,  aluminum  test  coupons  were  chemically  polished 
by  Immersion  In  a  solution  of  80.5  volX  phosphoric  acid,  3.5%  nitric  acid,  and 
16%  water  for  20  min  at  90®C  (Ref.  10).  These  surfaces  appeared  smooth  when 
observed  with  a  scanning  electron  microscope  at  20,000X  magnification.  After 
being  polished,  coupons  were  cleaned  and  coated  with  tltanate  from  solution 
or.  In  some  cases,  were  coated  with  titanium  dioxide  by  rf  sputtering.  These 
coupons  showed  no  change  of  surface  roughness  In  the  SEM  after  solution  or  rf 
deposition  of  titanium  oxide.  We  conclude  that  surface  roughness  Is  not  re¬ 
sponsible  for  the  broad  Interfaces  observed  In  Auger  concentration  profiles. 
Since  Intensity  profiles  consistent  with  those  obtained  on  unpolished  speci¬ 
mens  were  obtained,  specimen  polishing  Is  justifiably  omitted  from  the  usual 
specimen  preparation  procedure.  The  polished  and  unpolished  coatings  have 
similar  profiles  since  distances  characteristic  of  surface  topographic  varia¬ 
tions  on  unpolished  specimens  are  large  compared  with  coating  thicknesses. 

This  viewpoint  Is  supported  by  recently  published  work  on  the  Influence  of 
surface  roughness  on  depth  profiles  of  gold  films  deposited  on  nickel  surfaces 
(Ref.  34). 

2.  DEPOSITION  AND  HYDROLYSIS  OF  TITANATES 

The  thickness  of  the  mixed  oxide  depends  upon  the  coating  bath  and  hy¬ 
drolysis  atmosphere  conditions  during  the  formation  of  the  coating.  The  total 
reaction  In  Eq.  (7)  Illustrates  the  Importance  of  water  In  the  formation  of 
the  mixed  oxide.  The  effects  of  water  in  the  coating  solution  and  of  water 
vapor  In  the  hydrolysis  atmosphere  are  Illustrated  by  the  data  In  Table  4. 

The  tltanate  starting  material  was  used  In  two  forms:  trlmerlc  (Ref.  28) 
or  polymeric  TBT.  Trlmerlc  and  polymeric  TBT  applied  from  dry  coating  solu¬ 
tions  and  hydrolyzed  at  100%  relative  humidity  resulted  In  thick  coatings 
(800  to  1500  A).  Coatings  applied  from  trlmerlc  TBT  In  wet  coating  baths 
(0.06  to  0.6  M  H2O)  and  hydrolyzed  at  high  humidity  resulted  In  coatings  800 
to  1200  A  thick.  Coatings  hydrolyzed  at  low  humidity  (less  than  10%  relative 
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humidity)  are  thinner  (500  to  700  A )  when  trlmerlc  TBT  is  used  regardless  of 
the  concentration  of  water  In  the  bath.  Polymeric  TBT  hydrolyzed  at  low 
relative  humidity  (10%)  forms  fairly  thin  (600  to  900  A)  mixed  oxides.  Tlie 
thicknesses  of  coatings  made  from  polymeric  TBT  Increase  slightly  with 
Increasing  concentration  of  water  In  the  coating  bath. 


Table  4, 

Effect  of  Water  and  Initial  Polymerization  of 
Bath  (0.06  M  TBT  in  Isopropanol) 

THT  Coating 

Relative  Humidity  In 

Hydrolysis  Atmosphere  Corrosion  Lifetime 

Thickness 

TBT  Type 

(%)  (hr) 

(A) 

Dry  Coating  Bath 

Trlmer 

<10 

50  -  60 

500  -  700 

100 

80  -  100 

800  -  1000 

Polymer 

<10 

80 

600  -  900 

100 

90  -  130 

1000  -  1500 

0.06  -  0.6  M  Water  In  Coating  Bath 

Trlmer 

<10 

60  -  70 

600  -  700 

100 

50  -  60 

800  -  1200 

Polymer 

<10 

80 

700 

100 

100 

1600  -  1700 

Two  titanate  species  are  formed  at  the  aluminum-solution  interface  during 
the  application  step:  bound  and  unbound  TBT.  TBT  that  reacts  with  the 
hydrated  aluminum  Is  strongly  bound  to  the  Interface.  TBT  is  probably  bound 
to  the  aluminum  by  a  reaction  with  hydrated  aluminum  oxide: 

A10(0H1  +  TI(OBu)^  >  O-A1-O-T1(0Bu)3  +  BuOH  (11) 

Unbound  TBT  can  further  polymerize  with  ’  TBT  in  a  series  of  steps.  Water 

from  the  solution  can  partially  hydrolyze  the  bound  TBT,  which  results  In  an 
active  hydroxide  site  for  further  addition  of  TBT  (Refs.  22-2A): 
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(12) 


-0T1(0Bu)3  +  H2O  +  -0T1(0Bu)20H  -f  BuOH 

The  dangling  bond  represents  a  bond  to  the  aluminum  surface  or  to  bound  ” 
surface  coating.  TBT  from  the  solution  can  then  be  added  to  this  active 
hydroxide  site  to  form  the  next  layer  (Ref.  30). 

-0T1(0Bu)20H  +  TKOBu)^  +  -OTl(OBu)  2011(080)3  +  BuOH  (13) 

The  reactions  of  Eqs.  (12)  and  (13)  may  be  repeated  to  buildup  the  bound 
coating.  The  reactions  shown  In  Eqs.  (11)  through  (13)  for  monomeric  TBT  can 
also  ho  extended  to  trlmerlc  or  nolymerlc  TBT  (Refs.  23,  25-27). 

The  bulk  of  the  coating  that  results  from  the  application  step  Is  not 
tightly  hound  to  the  surface.  This  weakly  bound,  solvated  layer  of  titanate 
Is  adsorbed  over  the  bound  titanium-aluminum  alkoxlde  layer  just  discussed. 

The  solution  drains  off  the  surface,  which  disturbs  this  solvated  layer. 
Immediately  after  removal  of  the  sample  from  the  coating  bath,  resulting  In 
thin  coatings.  This  unconsolidated  outer  layer  can  be  removed  by  briefly 
dipping  the  specimen  In  an  Isopropanol  bath  Immediately  after  removal  from  the 
coating  bath.  Very  thin  coatings  (200  A)  containing  some  titanium  resulted 
after  hydrolysis  of  these  washed  coatings  prepared  from  0.06  M  TBT  In 
Isopropanol,  whereas  coatings  formed  by  the  same  procedure  but  not  rinsed  are 
typically  thicker  (greater  than  400  A). 

High  humidity  can  quickly  polymerize  the  unconsolidated  layer  to  yield 
thick,  mixed  oxides.  Adsorbed  trlmerlc  TBT  Is  polymerized  at  high  humidity, 
and  thick  coatings  result  (Table  4).  These  observations  Illustrate  that  most 
of  the  titanium  that  eventually  becomes  part  of  the  hydrolyzed  coating  Is  Ini¬ 
tially  only  weakly  associated  with  the  surface.  Most  of  the  Important  hydrol¬ 
ysis  reactions  that  determine  the  ultimate  thickness  and  corrosion  resistance 
of  the  oxide  film  Involve  this  Initially  unconsolidated  or  gelatinous  layer. 
Much  of  this  associated  layer  drains  off  during  hydrolysis  at  low  humidity  of 
coatings  formed  from  trlmerlc  TBT,  and  thin  films  result.  Polymeric  starting 
material  Is  nore  strongly  adsorbed  so  that  these  coatings  are  less  affected  by 
runoff  at  low  humidity  than  the  trlmerlc  material  (Table  4). 


The  solvent  used  In  the  coating  bath  can  control  the  water  required  to 
hydrolyze  the  TBT  In  the  liquid  surface  film.  Table  5  Indicates  that  only 
thin  (600  to  700  A)  coatings  are  formed  from  trlmerlc  TBT  In  dry  toluene  In 
both  high-  and  low-humldlty  atmospheres.  Corrosion  resistance  Increases 
moderately  with  Increased  humidity  for  toluene  solvent,  whereas  both  the 
corrosion  resistance  and  the  thickness  Increase  with  humidity  when  isopropanol 
Is  \ised  as  the  solvent  (Section  V, I).  The  thickness  of  the  coating  probably 
Is  controlled  by  the  amount  of  TBT  that  becomes  bound  at  the  Interface.  The 
low  solubility  of  water  In  toluene  and  the  relatively  slow  rate  of  evaporation 
of  toluene  permit  the  loss  of  unconsolidated  TBT  by  solution  runoff  since  the 
THT  Is  polymerized  slowly.  Isopropanol  evaporates  more  quickly  and  is  a 
better  solvent  for  water.  Thus,  water  diffuses  rapidly  into  the  solution, 
polymerizes  the  TBT,  and  binds  the  polymer,  which  results  In  a  thick 
coating.  The  corrosion  resistance  of  coatings  applied  with  the  use  of  both 
Isopropanol  and  toluene  solvents  Is  enhanced  by  hydrolysis  in  very  humid 
atmospheres  since  water  can  seal  reactive  faults  In  the  oxide  and  ensure  that 
the  alkoxlde  Is  fully  hydrolyzed. 


Table  5.  Solvent  Effects  on  TBT  Coatings  (Coating  Bath  0.06  M  TBT) 


Solvent 

Relative  Humidity  In 
Hydrolysis  Atmosphere 
(%) 

Salt -Spray 
Lifetime 
(hr) 

Coating 

Thickness 

(A) 

Dry 

Isopropanol 

<10 

50  -  60 

500  -  700 

Dry 

Isopropanol 

100 

70  -  100 

700  -  1000 

Dry 

toluene 

10 

40  -  50 

600  -  700 

Dry 

toluene 

100 

70 

600  -  700 

Coating  thickness  Is  weakly  dependent  upon  the  oxygen  concentration  in 
the  coating  solution  and  In  the  hydrolysis  atmosphere  (Table  6).  The  role  of 
oxygen  was  investigated  by  forming  coatings  in  nitrogen-  or  air-saturated 


0.06  M  solutions  of  TBT  in  Isopropanol.  Coatings  hydrolyzed  in  air  are 
thicker  but  slightly  less  corrosion  resistant  than  coatings  hydrolyzed  in 
nitrogen  (Table  6).  Oxygen  plays  only  a  minor  role  In  coating  formation  In 
wet  atmospheres.  Data  In  Table  6  for  hydrolysis  In  dry  atmospheres  Indicate 
that  oxygen  can  Increase  the  thickness  of  the  Interface,  Eq.  (9).  Oxygen  does 
not  react  with  the  alkoxlde  to  further  seal  or  crosslink  the  oxide,  and  the 
corrosion  resistance  does  not  Increase. 


Table  6.  Effect  of  Oxygen  on  TBT  Coatings  During  Application 
Step  and  Hydrolysis 


Hydrolysis  Conditions 

Ambient  Atmosphere 
Over  Coating  Bath 

Corrosion 

Lifetime 

(hr) 

Coating 

Thickness 

(A) 

Stagnant  N2 

N2 

90 

1000 

Stagnant  N2 

Air 

80 

1100 

Stagnant  air 

N2 

80 

1100 

Stagnant  air 

Air 

70 

1300 

Flowing  N2 

Air 

40 

AOO 

Flowing  air 

Air 

30 

700 

^Coatings  were  deposited  by  coating  test  coupons  In  0.06  M  TBT  In  wet 
Isopropanol  saturated  with  the  indicated  gas  and  hydrolyzing  In  trapped 
or  flowing  (but  nonreclrculated)  gas  as  Indicated. 


The  Immersion  time  and  temperature  of  the  bath  do  not  affect  final 
properties  of  mixed  oxide  coatings.  Samples  coated  for  10  sec  to  30  nln  did 
not  show  any  differences  after  hydrolysis.  Coatings  formed  from  0.06  M  TBT 
solutions  In  Isopropanol  at  82®C  were  similar  to  coatings  formed  at  room 
temperature. 

These  data  support  our  concept  that  during  the  coating  application  step, 
a  primarily  unconsolidated  film  of  TBT  and  solvent  are  deposited  on  the  alumi¬ 
num  surface,  and  only  a  small  portion  of  the  coating  is  bonded  to  the 
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interface.  The  dissolved  oxygen  concentration  in  the  solvents  was  not  a  major 
factor  in  the  formation  of  the  coating.  The  hydrolysis  of  the  coating  is 
mainly  controlled  by  the  concentration  of  water  in  the  hydrolysis  atmosphere; 
thick,  corrosion-resistant  coatings  are  obtained  at  high  relative  humidity. 

At  low  relative  humidity,  oxidation  of  aluminum  by  oxygen  can  form  thicker 
coatings  than  coatings  formed  in  dry  nitrogen  atmosphere;  however,  poor 
corrosion  resistance  results  in  both  cases  since  sufficient  water  is  required 
in  the  hydrolysis  atmosphere  for  the  sealing  of  the  coating. 

Corrosion  resistance  and  oxide  thickness  are  primarily  determined  by  the 
availability  of  water  In  the  coating  and  hydrolysis  steps.  Apparently  water 
causes  oxidation  of  aluminum,  which  increases  the  thickness  of  the  mixed  oxide 
Interfacial  region  of  the  coating.  TBT  is  presumed  to  bond  to  this  hydrated 
layer  of  aluminum  oxide.  Additional  solvated  TBT  is  adsorbed  on  this  layer, 
and  rapid  hydrolysis  is  required  to  avoid  loss  of  this  loosely  hound  solvated 
layer.  Water  in  the  hydrolysis  atmosphere  probably  diffuses  into  the  solvated 
layer  and  polyroerlzes  the  organic  titanate,  binding  it  more  strongly  to  the 
surface.  Use  of  prepolymerized  TBT  results  in  a  more  strongly  bound  solvated 
layer.  Thus,  only  a  small  amount  of  titanate  is  lost  due  to  runoff  even  in 
dry  atmospheres,  and  thicker  coatings  result.  The  prepolymerized  solvated 
layer  becomes  bound  to  the  surface  during  hydrolysis,  and  the  product  alcohol 
evaporates  as  the  solvent  evaporates.  A  stable  titanium-aluminum  mixed  oxide 
results,  which  contains  an  outer  layer  of  titanium  dioxide  from  the 
polymerized  TBT  and  an  inner  layer  of  titanium-aluminum  mixed  oxide.  Cracks 
In  the  coating  are  sealed  by  water,  which  forms  oxo-brldges  between  titanium 
atoms  that  provide  good  corrosion  resistance. 


VI.  FORMATION  AND  CHARACTERIZATION  OF  OTHER  OXIDE  SYSTEMS 


Although  most  of  oAr  work  has  been  concerned  with  the  chromate  and 
tltanate  systems,  several  other  mixed  oxides  were  also  studied.  It  Is  con¬ 
venient  to  classify  coating  systems  as  being  either  of  the  type  in  which  the 
valence  of  the  deposited  species  changes  or  of  the  type  In  which  there  Is  no 

change  In  cation  valence.  The  chromate  system  constitutes  an  example  of  the 
+6  ■+"3 

first  type;  Cr  Ion  Is  reduced  to  Cr  .  In  contrast.  In  the  tltanate  system, 
titanium  formally  remains  In  the  +4  valence  state.  We  shall  now  examine 
further  examples  of  each  type  of  coating. 

A.  COATING  SYSTEMS  WITHOUT  CHANGE  IN  CATION  VALENCE 

1.  SILICON  DIOXIDE  COATINGS 

Silicon  dioxide  Is  an  inert,  stable  substance,  and  its  use  In  corrosion- 
protective  films  suggests  Itself.  Silicon  compounds.  In  the  form  of  silicone 
resins,  are  used  as  protective  coatings  In  various  applications.  Recently,  a 
new  silicone  coating  formulation  (VESTAR  ),  offering  superior  corrosion  pro¬ 
tection  to  light  metals,  has  become  commercially  available  (Ref.  35).  This 
coating  consists  of  colloidal  silica  and  a  partially  condensed  sllanol  in  an 
acidified  water  and  alcohol  solvent.  The  silica  provides  a  high  degree  of 
abrasion  resistance.  Our  approach  to  the  formation  of  SIO2  coatings  Is  quite 
different.  It  follows  to  some  extent  the  approach  taken  with  the  TIO2 
coatings  previously  described. 

a.  Coatings  Formed  from  SlCl^ 

Silicon  tetrachloride  Is  easily  hydrolyzed  to  form  a  silicon  oxide 
coating.  Solutions  of  0.5  to  1.0  vol%  of  SlCl^  In  toluene  were  studied. 
Coatings  hydrolyzed  slowly  in  closed  containers  showed  small  pits  due  to 
attack  hy  HCl.  Rapidly  hydrolyzed  coatings  showed  no  Initial  pitting  and  had 
a  salt  spray  lifetime  of  100  to  170  hr.  More  concentrated  solutions  of  15  to 
100  vol%  SlCl^  in  toluene  showed  some  pitting  when  rapidly  hydrolyzed  and  were 
less  durable  (40  to  70  hr  of  salt  spray  lifetime).  All  coatings  exhibited  an 
outer  SIO2  layer  constituting  30  to  50%  of  the  total  coating  thickness.  The 
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remaining  part  of  the  coating  consisted  of  a  mixture  of  silicon  and  aluminum 
oxides  with  Increasing  aluminum  concentration  toward  the  substrate.  A  typical 
depth  profile  of  an  SIO2  coating  formed  from  SlCl^  Is  shown  In  Fig.  16(a), 
Experimental  results  are  summarized  In  Table  7.  The  coatings  appear  to  be 
fully  hydrolyzed  since  no  peak  for  chlorine  is  observed,  as  Is  evident  in  the 
complete  Auger  spectrum  of  Fig.  16(b), 

The  experimental  data  suggest  that  the  SlCl^  reacts  with  the  hydrated 
surface  of  the  aluminum  oxide  according  to  the  reaction 

AlOOH  +  SICI4  -AlOOSiClj  +  HCl  (14) 

Additional  layers  are  added  to  the  coating  by  a  two-step  reaction  sequence 
Involving  water 


-O-SICI3  +  HjO  +  -0SiCl20H  +  HCl  (15) 

-O-SICI2OH  +  SlCl^  -081012081013  +  HCl  (16) 

where  the  "dangling"  bond  symbol  again  Implies  a  bond  with  the  substrate.  The 
use  of  a  solvent  that  does  not  react  with  8101^  (e.g«,  toluene)  Is  assumed. 
After  removal  from  the  coating  bath,  it  Is  believed  that  the  coated  aluminum 
hydrolyzes  according  to  the  reaction  as  the  solvent  evaporates  and  water 
diffuses  Into  the  coating. 

-OSICI2O-  +  H2O  +  -”8102-" 


b.  Coatings  Formed  from  8111con  Tetraethoxlde 

Silicon  ethoxlde,  Sl(OEt)^,  Is  not  hydrolyzed  by  water;  a  stronger  base 
Is  required.  Aluminum  test  coupons  (AA  1100)  were  coated  using  2%  solutions 
of  Sl(OEt)^  In  either  methanol  or  toluene  with  varying  amounts  of  either  NaOH 
or  KOH,  and  water.  Data  obtained  for  silicon  oxide  coatings  deposited  from 
various  solvents  with  different  hydroxide  concentration  are  summarized  In 
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Fig.  16.  Silicon-Aluminum  Mixed  Oxide  Coatings  Formed  from 

SlCl^.  (a)  Typical  Auger  depth  profile;  (b)  Complete 
Auger  spectrum 


Table  7.  Characteristics  of  Coatings  Formed  from  SlCl^ 


Vol%  SICI4 

Auger  Measurements 

Coating 
Thickness  (A) 

Mixed  Oxide 
(%) 

0.5 

500 

70 

1  -  50 

1000  -  1100 

45  -  55 

100 

1500 

60 

Salt  Spray  Measurements 

VolX  SICI4 

Salt  Spray  Lifetime 

(hr) 

0.5-1 

100  - 

170 

25  -  100 

40  - 

70 

Table  8,  The  concentration  of  sodium  or  potassium  in  the  coating  Increases 
with  Increasing  water  or  base  concentration  In  the  solvent.  Water  seems  to 
produce  a  thicker  (but  perhaps  less  dense)  coating  with  Intermediate  corrosion 
protection  (approximately  60  hr  salt  spray  exposure). 

It  is  proposed  that  the  first  layer  of  Sl(OEt)^  bonds  to  the  hydrated 
surface  aluminum  oxide 

AlOOH  +  Sl(0Et)4  A100-Si(0Et)3  +  EtOH  (18) 

We  believe^ that  the  hydroxide  Ion  catalyzes  the  polymerization  of  Sl(0Et)4 
both  on  the  surface  and  In  solution  faster  than  it  (the  OH”)  attacks  the 
surface  according  to  the  sequence  of  reactions 

-0Sl(0Et)3  +  OH”  +  -OSl(OEt)20H  +  EtO”  (19) 

-0Sl(0Et)20H  +  SKOEt)^  >  -0Sl(0Et)20Sl(0Et)3  (20) 

EtO”  +  H2O  +  EtOH  +  OH”  (21) 
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Hydrolysis  of  the  gelatinous,  partially  organic  layer  then  results  In  a  com¬ 
pact  coating  with  the  outer  40X  of  Its  total  thickness  In  the  form  of  "SIO2" 
and  the  remainder  a  mixed  alumlnum-slllcon  oxide.  Partially  polymerized 
Sl(OEc)^  In  the  coating  solution  may  also  deposit  on  the  surface  and  results 
In  a  better  coating  since  some  organic  groups  will  already  have  been  removed. 

c.  Coatings  Formed  from  Mixtures  of  SlCl/^  and  Sl(OEt)/^ 

Mixtures  of  SlCl^  and  Sl(OEt)^  are  somewhat  less  corrosive  to  aluminum 
than  Is  SiCl^  alone,  although  some  pitting  occurs  for  slow  hydrolysis  after 
coating  by  solutions  with  more  than  0.05  vol%  of  SlCl^.  Rapid  hydrolysis 
produces  fairly  durable  (approximately  100  hr  salt  spray  lifetime)  and  thick 
(about  1500  A)  coatings  with  only  a  small  mixed  oxide  region  (approximately 
44%  of  the  total  coating  thickness)  for  a  mixture  of  1  vol%  SlCl^^  and  1  vol% 
Sl(OEt)^  In  toluene  (see  Table  9).  The  depth  profile  for  a  coating  formed 
from  an  SlCl^/Sl(OEt)^  mixture,  shown  in  Fig.  17,  Is  very  similar  to  the  SlCl^ 
profile  shown  in  Fig.  16a. 

Table  9.  Characteristics  of  Coatings  Formed  from  SiCl^/Sl(OEt )^  Mixtures 

Salt  Spray  Coating 

Vol%  Lifetime  Thickness  Mixed  Oxide 

Vol%  SICI4  Sl(0Et)4  (hr)  (A)  (%) 


3.  ZIRCONIUM  DIOXIDE  COATINGS 


Zirconium  dioxide  was  successfully  deposited  from  toluene  solutions  of 
zirconium  tetra  Isopropoxlde  (10  g/llter)  and  zirconium  tetra  n-propoxlde  (2% 
by  volume).  The  coated  aluminum  coupons  were  hydrolyzed  In  air.  Auger 
analysis  showed  that  this  coating  procedure  results  in  a  region  of  nixed 
zlrconlum/alumlnum  oxide  about  1000  A  thick;  however,  this  film  is  apparently 
not  insoluble  In  water,  and  corrosion  resistance  Is  minimal.  Since  tlie 
anhydrous  aluminum  oxides  are  Inert  and  insoluble,  this  observation  can  only 
be  explained  by  the  Incorporation  of  water  Into  the  film.  However,  heating 
the  test  coupons  to  approximately  500°C  did  not  Improve  their  corrosion 
resistance. 

4.  INDIUM  OXIDE  COATINGS 

Indium  oxide  films  were  deposited  from  solutions  of  Indium  pentane 
dlonate  (10  g/llter)  In  toluene.  The  films  were  thin,  with  poor  corrosion 
resistance  (about  30  hr  salt  spray  lifetime). 

5.  TANTALUM  OXIDE  COATINGS 

Fairly  thick  (1200  A)  films  of  tantalum  oxide  were  deposited  from  a  2 
vol%  solution  of  Ta(OC2H5)5  in  Isopropanol.  About  90%  of  the  thickness  of 
these  films  Is  a  region  of  mixed  tantalum  and  aluminum  oxides.  Preliminary 
tests  indicate  a  salt  spray  lifetime  of  only  about  30  hr,  but  the  system  may 
merit  further  study  on  the  basis  of  the  performance  anticipated  from  the 
conceptual  model. 

B.  SYSTEMS  WITH  CHANGE  IN  CATION  VALENCE 

Film-forming  cations  In  this  category  can  actively  oxidize  aluminum 
metal,  and  thus  can  potentially  create  a  thick  region  of  mixed  oxide.  As 
previously  mentioned,  the  chromate  conversion  coatings  are  prime  examples  of 
this  type  of  system.  Chromate  coatings  are  of  course  widely  employed;  they 
are  currently  used  to  treat  Air  Force  aircraft.  Several  of  the  elements  near 
chromium  In  the  periodic  chart  also  occur  In  compounds  with  high  formal 
valence  states  and  considerable  oxidizing  power,  and  have  stable  lower  valence 
states.  Such  elements  have  the  potential  of  forming  useful  corrosion 


protective  oxide  barriers  on  aluminum.  We  have  studied  vanadium  coatings 
fairly  extensively  and  have  examined  manganese,  molybdenum,  and  niobium  to  a 
lesser  degree.  Although  these  materials  do  not  necessarily  require  organic 
solvents  for  application,  the  experiments  have  been  primarily  with  metal 
alkoxldes  In  organic  solvents. 

1.  VANADIUM  OXIDE  COATINGS 

Coating  solutions  were  either  VO(OC2H7)3  or  VO(OC4H9)3  (both  formally 
pentavalent  compounds)  in  toluene.  Isopropanol,  or  butanol  solvent.  Typical¬ 
ly,  aluminum  coupons  were  immersed  In  the  dilute  alkoxlde  solution,  then 
withdrawn  to  permit  the  residual  alkoxlde  to  hydrolyze. 

The  rate  of  hydrolysis  of  the  Iso-propoxide  Is  much  more  rapid  than  that 
of  the  n-butoxlde  because  of  the  smaller  relative  sizes  of  the  alkoxlde 
groups.  A  comparison  of  coupons  allowed  to  stand  in  air  and  In  dry  N2  showed 
a  mixed  oxide  layer  approximately  500  A  thick  In  both  cases;  however,  the 
total  amount  of  vanadium  was  much  greater  on  those  coupons  hydrolyzed  quickly 
In  air,  see  Figs.  18(a)  and  18(b).  Corrosion  resistance  was  also  slightly 
greater  for  these  coupons  than  for  coupons  hydrolyzed  In  nitrogen,  although 
only  half  as  great  as  for  chromate  coatings.  Excess  vanadium  oxide  on  the 
surface  seems  to  offer  little  additional  corrosion  protection  since  It  Is 
slightly  water  soluble. 

Analysis  of  vandlum  coatings  by  XPS  Indicates  that  vanadium  Is  either 
pentavalent  or  trlvalent,  but  not  quadrivalent  (Ref.  36).  The  colors  of  the 
vanadium  oxides  are:  ^2^5*  yellowish  red;  VO2,  blue;  V2O3,  black;  and  VO, 
light  grey.  The  deposited  coatings  are  rather  green  In  color.  Coupons  heated 
In  air  to  500°C  turned  yellow.  We  have  tentatively  classified  the  vanadium 
system  as  one  In  which  the  cation  changes  valence  state.  Our  results  could, 
however,  be  explained  by  the  presence  of  a  pentavalent  hydrated  form. 

The  most  successful  vanadium  coatings  were  produced  by  Initially  boiling 
aluminum  coupons  In  distilled  water.  Auger  analysis  shows  that  boiling  the 
aluminum  produces  a  thick  (2000  to  3000  A)  film  of  (hydrated)  aluminum  oxide. 
After  treatment  with  a  dilute  solution  of  vanadium  alkoxlde.  Auger  analysis 
shows  penetration  of  vanadium  to  a  depth  of  approximately  200  A  Into  the 
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Fig.  18.  Auger  Depth  Profiles  for  Vanadium-Aluminum  Mixed  Oxide 

Coatings.  (a)  Hydrolyzed  In  air;  (b)  Hydrolyzed  In  dry  N2 
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aluminum  oxide  film  (Fig.  19).  Coatings  so  prepared  have  a  salt  spray 
lifetime  about  two-thirds  that  of  chromate  coatings  (l.e.,  100  hr),  but 
approximately  twice  that  of  coupons  that  have  only  been  boiled. 

2.  MANGANESE  OXIDE  COATINGS 

Manganese  oxide  coatings  were  formed  by  suspending  aluminum  coupons  In 
dilute  (5  g/llter)  solutions  of  KMnO;^  for  about  2A  hr.  After  Immersion,  the 
aluminum  test  coupons  appeared  to  be  light  golden  brown  In  color.  Auger 
analysis  Indicated  an  aluminum-manganese  mixed  oxide  film  about  500  A  thick 
(Fig.  20).  Salt  spray  corrosion  lifetimes  were  on  the  order  of  50  hr. 

3.  MOLYBDENUM  OXIDE  FILMS 

We  have  produced  500  A  films  of  mixed  aluminum-molybdenum  oxides, 
starting  with  molybdenum  oxychloride  (MoOCl^)  or  bis(2,4  pentanedlonato)  bls- 
oxo-molybdate  (VI)  (Mo02(C5Hy02)2)«  The  molybdenum  oxychloride  was  reacted 
with  excess  Isopropanol,  and  the  HCl  that  evolved  was  neutralized  with  NHj. 

The  surface  oxide  produced  on  the  test  coupons  was  only  a  few  hundred 
angstroms  thick  and  exhibited  minimal  corrosion  resistance.  Coatings  were 
also  formed  from  solutions  of  Mo02(C5H702)2  iti  toluene  (10  g/llter).  An  Auger 
depth  profile  Is  shown  In  Fig.  21. 
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Fig.  20.  Auger  Depth  Profile  of  a  Manganese-Aluminum  Mixed  Oxide  Coating 


DEPTH  ( A  ) 


Fig.  2 


Auger  Depth  Profile  of  a  Molybdenum-Aluminum 
Mixed  Oxide  Coating 


VII.  CORROSION  PROTECTION  BY  DEPOSITED  OXIDE  COATINGS 


It  Is  convenient  to  consider  together  the  corrosion  mechanisms  operating 
with  the  different  mixed  oxides  studied.  The  performance  of  the  chromate 
coatings  provides  a  useful  baseline  for  the  evaluation  of  the  other  coa  ting 
types. 

As  stated,  most  of  our  work  leading  to  the  elucidation  of  coating 
mechanisms  was  performed  using  commercially  pure  or  high  purity  aluminum.  The 
general  mechanisms  of  film  formation  are  unchanged  when  coatings  are  deposited 
on  aluminum  alloy  substrates.  Corrosion  resistance,  however,  Is  greatly 
affected  by  minor  alloy  constituents. 

A.  COATINGS  ON  UNALLOYED  ALUMINUM 

1.  CHROMATE  COATINGS 

Auger  depth  profiles  for  samples  of  the  STC  coating  after  various 
residence  times  In  the  salt'fog  chamber  are  categorized  Into  three  main 
groups.  These  profile  types  are  associated  with  different  stages  of  film 
breakdown.  After  80  (±40)  hr  In  the  salt-fog  chamber,  there  Is  no  visible 
change  In  appearance  of  the  coating.  The  Auger  depth  profile  (Fig.  22)  shows 
that  the  coatings  are  uniformly  thinned  by  approximately  200  A.  The  amount  of 
fluoride  detected  throughout  the  coating  Is  decreased,  suggesting  that  the 
fluoride  helps  the  dissolution.  After  175  (±25)  hr  in  the  salt-fog,  there  is 
still  no  visible  change  In  appearance.  However,  the  depth  profile  (Fig.  23) 
shows  that  some  of  the  chromium  Is  leached  from  the  coating,  which  Is  replaced 
by  aluminum  from  the  bulk.  X-ray  photoelectron  spectroscopy  Indicates  that 
more  than  90%  of  the  remaining  chromium  Is  trlvalent,  so  It  Is  mostly  the 
hexavalent  chromium  that  is  being  leached  away.  A  small  amount  of  chlorine 
(<1%)  is  detected  on  the  surface  and  to  a  depth  of  approximately  200  A.  Next 
(after  225  ±  25  hr),  there  Is  slight  visible  corrosion,  and  the  corrosion 
product  Is  aluminum  oxide.  No  trace  of  chlorine  or  fluorine  is  detected  In 
these  corroded  areas. 
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Fig.  23.  STC  Coating  After  175  (i25)  hr  In  Salt-Fog  Chamber 


All  of  the  STC  samples  prepared  between  25  and  AO^C  exhibit  similar 
corrosion  protection  (visible  corrosion  In  200  to  250  hr).  Since  the 
thicknesses  of  these  samples  vary  from  approximately  A50  to  750  A,  the 
corrosion  protection  probably  Is  not  strongly  dependent  on  the  coating  thick¬ 
ness.  We  believe  that  the  corrosion  resistance  is  due  mainly  to  the  insolu¬ 
bility  and  Impervious  nature  of  the  amorphous  hydrated  chromium  oxide  layer. 

It  Is  less  soluble  than  AlOOH,  and,  since  all  "weak  spots"  and  channels  are 
clogged  with  CrOOH,  It  Is  more  Impervious  to  attacking  Ions.  The  strong  adhe¬ 
sion  of  the  coating  to  the  metal  probably  Is  due  to  the  similarity  In  Ionic 
radii  between  Al^^  and  Cr'*'^  ^’^Al^^  “  0.50  A)  and  “  0.53  A)  (Ref.  37) 

since  AlOOH  coatings  are  known  to  adhere  strongly  to  aluminum  metal. 

2.  TITANATE  COATINGS 

Corrosion  of  tltanate  coatings  follows  a  pattern  quite  different  from 
corrosion  of  chromate  coatings.  Whereas  chromate  coatings  thin  fairly 
uniformly  prior  to  the  onset  of  visible  corrosion,  the  titanium-aluminum  oxide 
coating  actually  thickens  during  corrosion,  with  leaching  of  surface  titanium 
and  diffusion  of  aluminum  through  the  oxide  layer.  Differences  In  salt  spray 
corrosion  behavior  are  observed  between  commercially  pure  aluminum  and  hlgh- 
purity  aluminum. 

The  results  of  a  series  of  experiments  that  test  tltanate  coatings  on 
commercially  pure  (AA  1100)  aluminum  and  on  99.999%  pure  aluminum  with  the  use 
of  the  two  different  acid  cleaning  procedures  are  summarized  In  Table  10. 
Commercially  pure  aluminum  (AA  1100)  can  contain  up  to  0.2  wt%  copper  and 
other  Impurities,  which  can  segregate  on  the  surface.  The  nominal  composition 
of  AA  1100  (with  some  aluminum  alloys  of  subsequent  Interest)  Is  presented  In 
Table  11.  Chromate  cleaning  removes  both  aluminum  and  trace  co'"'  ""  (less  than 
0.2%  In  the  bulk)  and  results  In  a  surface  that  has  no  dete-a\-  topper  LMM 
peak  (917  eV)  In  the  Auger  electron  spectrum.  Use  of  the  .ii.nerc.  .  aluminum 
cleaner  Alumlprep  (Aluminum  Products),  which  contains  phosphoric  acid  and  a 
detergent,  results  In  a  detectable  Auger  copper  peak  due  to  the  concentration 
of  copper  on  the  surface  by  the  preferential  dissolution  of  the  aluminum. 
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Table  10.  Effect  of  Acid  Cleaning  Step  on  Aluminum  Corrosion 


Aluminum 

Specimen 

Surface  Treatment 

Corrosion 

Lifetime 

(hr) 

Coating 

Thickness 

(A) 

99.999% 

Unc.oated 

40 

- 

99.999% 

Precleaned  with 
chromate  and  coated 

95 

400 

99.999% 

Precleaned  with 

Alumlprep  and  coated® 

85 

400 

AA  1100 

Uncoated 

<20 

- 

AA  1100 

Precleaned  with 
chromate  and  coated® 

45 

700 

AA  1100 

Precleaned  with 

Alumlprep  and  coated® 

20 

500 

^Titanium  oxide  coatings  deposited  from  0.06  M  Ti(OBu)^  in 
isopropanol  and  hydrolyzed  in  room  air. 

Both  the  Alumlprep  and  the  chromate  cleaning  procedures  were  efficacious  for 
pure  (99.999%)  aluminum,  but  the  chromate  cleaner  resulted  in  more  corrosion- 
resistant  coatings  on  commercially  pure  aluminum.  Auger  analysis  of  cleaned, 
iincoated  coupons  indicated  that  the  chromate  cleaning  procedure  removed 
surface  copper  and  did  not  result  in  any  residual  chromium  on  the  surface, 
l.e.,  the  tltanate  coatings  prepared  in  this  way  were  not  actually  chromate 
coatings  in  disguise.  The  surface  compositions  of  AA  1100  aluminum  coupons 
cleaned  by  the  two  methods  differed  only  in  the  amounts  of  surface  copper. 
These  experimental  resiilts  confirmed  the  postulate  that  concentrations  of 
segregated  surface  copper  greater  than  about  5%  of  a  monolayer  result  in  poor 
corrosion  resistance  of  tltanate  coatings. 
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Trace  surface  copper  may  aid  In  the  growth  of  fairly  thick  coatings  on  AA 
1100  aluminum;  however,  It  also  accelerates  corrosion  of  these  coatings.  The 
copper  segregated  on  the  surface  provides  cathodic  sites  for  the  reaction  of 
the  water  and  titanium  alkoxides.  Aluminum  is  oxidized  from  the  metal  sur¬ 
face.  These  ionic  species  can  migrate  and  either  form  a  thick,  mixed,  oxide 
Interface  during  coating  and  hydrolysis  or  diffuse  through  the  coating  and 
result  in  corrosion  in  the  presence  of  salt-fog  spray.  The  fate  of  these  ions 
is  determined  by  the  availability  of  water  and  by  the  electric  field  produced 
by  ions  adsorbed  on  the  coating.  Wet  conditions  in  the  presence  of  chloride 
in  the  salt-fog  spray  cause  aluminum  ion  diffusion  through  tlie  coating.  Cor¬ 
rosion  of  the  coated  surface  results.  Coatings  grown  on  99.999%  pure 
aluminum,  washed  with  chromate  or  Alumlprep,  are  thin,  but  exhibit  long  salt- 
spray  lifetimes  because  the  purity  of  the  aluminum  eliminates  galvanic 
effects.  The  coatings  are  thin,  dense,  and  corrosion  resistant. 

No  problems  were  encountered  with  the  adhesion  of  the  mixed  oxide 
films.  Aluminum  oxide  strongly  adheres  to  aluminum,  and  the  mixed  coating 
retains  this  property. 

Figure  24(a)  is  a  depth  profile  of  a  coating  prepared  from  2%  TBT  before 
exposure  in  the  salt-fog  chamber.  The  coating  is  about  1200  A  thick.  After 
the  coating  remained  for  20  hr  in  the  salt-fog  chamber,  the  profile  in  Fig. 

24b  indicates  removal  of  some  titanium  from  the  outer  surface  of  the  coating, 
diffusion  of  some  aluminum  through  the  coating,  and  a  thickening  of  the 
coating  to  about  1400  A.  After  90  hr.  Fig.  24(c),  an  aluminum  oxide  layer  is 
being  formed  over  the  original  titanium  mixed  layer,  and  the  coating  has 
thickened  to  about  2800  A.  The  coating  is  probably  very  porous  at  this  time 
since  there  are  extensive  gray-colored  areas  on  the  coupon.  The  porous 
structure  of  this  salt-fog  grown  aluminum  oxide  Is  probably  similar  to  the 
structure  reported  by  Hunter  and  Fowler  for  moisture-grown  aluminum  oxide  over 
air-formed  aluminum  oxide  films  (Ref.  33). 

The  corrosion  mechanism  of  thick  (greater  than  600  A),  mixed  titanium- 
aluminum  oxide  coatings  on  aluminum  substrates  proceeds  in  three  steps. 
Titanium  is  first  removed  from  the  outer  part  of  the  coating.  Aluminum  is 
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24.  Corrosion  of  a  Mixed  Coating  Formed  from  TBT. 

(a)  Before  corrosion;  (b)  After  20  hr;  (c)  After 
90  hr  In  salt-fog  chamber 


then  oxidized,  probably  by  water  (Ref.  32)  or  oxygen,  and  the  remaining 
titanium  acts  to  Increase  the  conductivity.  In  terms  of  our  original  model 
for  corrosion  resistance  (see  Section  III),  the  TlOp-x  system  Is  not  optimum 
because  It  Is  an  oxide  with  a  generally  high  concentration  of  defects  (l.e., 
oxygen  vacancies).  The  occurrence  of  defects  Is  usually  associated  with 
increased  conductivity;  TIO2  Is,  In  fact,  a  defect  semiconductor  (Ref.  21). 

The  aluminum  and  oxygen  content  of  the  coating  Increases  during  corrosion  as 
does  the  coating  thickness.  Finally,  the  porosity  of  the  dev  loping  aluminum 
oxide  layer  causes  discoloration  of  the  aluminum.  Pitting  may  occur  at  thin 
areas  of  the  developing  aluminum  oxide  coating.  In  our  tests,  discoloration 
of  sample  surface  Is  defined  as  coating  failure. 

Corrosion  lifetime  as  a  function  of  coating  thickness,  of  the  polymeric 
condition  of  the  original  TBT,  and  of  the  humidity  of  the  hydrolysis 
atmosphere.  Is  Illustrated  In  Fig.  25.  Several  trends  are  clear  from  this 
figure.  Thin  coatings  (200  to  800  A)  that  have  poor  corrosion  resistance 
(less  than  70  hr)  result  from  coatings  applied  from  wet  or  dry  solutions  of 
trlmerlc  TBT  and  hydrolyzed  at  low  humidity.  Thicker  (600  to  800  A)  coatings 
that  have  somewhat  better  corrosion  resistance  (about  80  hr)  result  from 
polymeric  starting  material  hydrolyzed  at  low  humidity.  A  wide  range  of 
humidities  Is  Included  under  the  wet  humidity  designation,  which  accounts  for 
the  wide  range  of  the  data.  Trlmerlc  TBT  hydrolyzed  In  humid  atmospheres 
results  In  thick  coatings  (600  to  2000  A)  and  good  corrosion  resistance  (50  to 
90  hr).  High  humidity  and  the  use  of  prepolymerized  TBT  result  in  superior 
mixed  oxide  coatings  that  have  thicknesses  of  1000  to  1700  A  and  salt-fog 
spray  corrosion  lifetimes  of  90  to  130  hr  whether  the  bath  Is  wet  or  dry.  The 
following  conclusions  are  drawn  from  these  data:  (a)  prepolymerized  TBT 
results  In  thick  coatings  regardless  of  humidity;  and  (b)  corrosion  resistance 
and  coating  thickness  Improve  with  Increased  humidity  In  the  hydrolysis 
atmosphere. 

B.  COATINGS  ON  ALUMINUM  ALLOYS 

Chromate  and  tltanate  coatings  were  deposited  on  three  common  structural 
aluminum  alloys  to  assess  the  Importance  of  minor  alloy  constltutents  as 
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Fig.  25.  Effect  of  Prepolyraerization  and  Hydrolysis  Atmosphere  on 

Corrosion  Resistance.  Coatings  applied  as  trimerlc  TBT  and 
hydrolyzed  at  high  humidity  (  □  )  or  low  humidity  (+). 
Coatings  applied  as  prepolymerized  TBT  and  hydrolyzed  at 
high  humidity  (O)  or  low  humidity  Cx) 


determinants  of  corrosion  resistance.  The  magneslum-slltcon-alumlnun  alloy  AA 
6061  is  generally  considered  to  have  good  corrosion  resistance  and  moderate 
strength.  The  aluminum-copper  alloy  AA  2024,  and  the  alunlnum-zlnc-magnesium 
alloy  AA  7075,  have  higher  strengths  but  generally  poor  corrosion  resistance. 
Both  alloys  are  used  in  aircraft  construction.  Alloy  compositions  are  given 
in  Table  11. 

The  chromate  coatings  once  again  provide  a  standard  against  which  to 
judge  the  effectiveness  of  our  organometalllc  coating  formulations.  The  salt- 
spray  results  presented  in  Table  12  Indicate  that  the  STC  chromate  coating 
affords  corrosion  protection  to  the  aluminum  alloys  Investigated;  however,  the 
corrosion  resistance  of  the  coated  alloys  is  notably  less  than  that  of  coated, 
commercially  pure  aluminum.  The  corrosion  resistance  of  a  structural  alloy 
generally  decreases  as  the  content  of  minor  alloy  constitutents  Increases. 

This  unfortunate  trend  is  attributed  to  the  formation  through  segregation  of 
regions  of  different  electrochemical  potential  and  resultant  galvanic 
corros ion. 

1.  EFFECT  OF  COPPER 

We  have  already  discussed  the  effect  on  corrosion  resistance  of  residual 
surface  copper  remaining  after  the  application  of  different  cleaning  proce¬ 
dures  to  high  purity  and  to  commercially  pure  aluminum.  Copper  also  plays  a 
dominant  role  in  determining  the  corrosion  resistance  of  structural  aluminum 
alloys.  The  salt  spray  environment  is  quite  aggressive  to  uncoated  aluminum, 
hut  it  Is  evident  from  the  data  in  Table  12  that  commercially  pure  aluminum 
(AA  1100)  is  more  resistant  than  the  alloys  listed,  and  that,  among  the 
alloys,  AA  6061  has  the  best  corrosion  resistance.  Differences  in  corrosion 
resistance  are  pronouced  for  most  coating  types  on  the  various  alloy 
substrates,  but  again  coated  AA  6061  in  general  exhibits  greater  corrosion 
resistance  than  do  the  other  alloys  covered  by  the  same  coating.  Alloy  AA 
6061  has  a  lower  copper  content  than  either  AA  2024  or  AA  7075. 

On  the  basis  of  our  conceptual  pl^^ure  of  protective  surface  oxides, 
copper  should  adversely  affect  coating  corrosion  resistance.  Copper  has  two 
oxidation  states  and  should  serve  to  Increase  the  electrical  conductivity  of 


Table  12 


.  Sununary  of  Alloy  Salt  Spray  Corrosion  Data  for 
Different  Specimen  Treatments® 


Pretreatment,*’  Coating 

Alloy 

1100 

Designation,  AA 
2024  6061 

No. 

7075 

Baseline  Data 

C  Uncoated 

18 

10 

15 

10 

C  Uncoated 

19 

9 

19 

8 

C,P  Uncoated 

20 

13 

15 

12 

C  STC 

260 

90 

113 

95 

C,P  STC 

480 

45 

360 

80 

TBT  Coatings^ 

C  TBT  (fresh) 

29 

10 

23 

10 

C  TBT  (24  hr;  0.2%  H2O) 

110 

11 

63 

10 

C  TBT  (6d;  0.2%  H2O) 

88 

10 

39 

10 

C  TBT  (24  hr;  0.1%  H2O) 

69 

10 

58 

14 

C  TBT  (24  hr;  0,1%  H2O);  150“  overnight 

72 

14 

86 

12 

Organic  Inhibitors 

C  N(C2H40H)3  +  TBT 

71 

14 

71 

13 

C  (CH3)2  NH  +  TBT 

46 

16 

46 

16 

C  HC0N(CH3)H  +  TBT 

76 

14 

68 

13 

C  TBT  +  HCONCH3H 

III 

16 

115 

16 

C  HOC2H4SH  +  TBT 

137 

16 

137 

16 

C  HOC2H45M  +  TBT 

76 

13 

48 

12 

C  H0C2H^SH  (no  TBT) 

44 

12 

36 

12 

^  Table  entries  are  times  required  to  reach  a  given  degree  of  corrosion  as 
determined  with  reference  to  an  arbitrary  visual  scale.  Each  entry 
^  represents  an  average  over  eight  test  coupons. 

C  ”  cleaned  (see  Section  V.A);  P  «  chemically  polished. 

First  number  in  parentheses  indicates  time  Interval  between  TBT  solution 
preparation  and  coating  application.  Second  number  (when  given)  Is  the 
concentration  of  H2O  (wt  %)  In  the  coating  solution. 
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oxide  coatings.  A  simple  galvanic  mechanism,  however,  with  the  copper  nonuni- 
formly  distributed  on  the  surface,  could  also  account  for  the  deleterious  ef¬ 
fect  of  copper  on  corrosion  resistance.  The  spatial  resolution  of  the  scan¬ 
ning  Auger  microprobe  was  not  sufficient  to  preclude  the  latter  possibility. 

2.  EFFECT  OF  MAGNESIUM 

An  Auger  depth  profile  shows  that  uncoated  AA  6061  (chromate  cleaned)  Is 
enriched  In  surface  magnesium  (15  wt%  magnesium  etc.)  (Fig.  26).  The  com¬ 
position  as  determined  by  AES  is  consistent  with  the  presence  of  MgAl204,  or 
with  a  simple  mixture  of  magnesium  and  aluminum  oxides.  Both  Auger  and  IMMA 
depth  profiles  of  the  surface  oxide  after  application  of  a  TBT  coating  show 
significant  diffusion  of  magnesium  into  the  oxide  coating.  Note  that  the  TBT 
coating  of  magneslum-rlch  AA  6061  surfaces  does  not  result  In  a  magneslun-rlch 
Inter facial  region  between  the  coating  and  the  substrate  AA  6061,  but  rather 
yields  a  coating  which  contains  large  amounts  of  distributed  magnesium.  The 
magnesium  Is  concentrated  on  the  surface  of  the  oxide  coating,  and  the 
concentration  drops  to  the  bulk  alloy  value  as  the  oxide  coating  Is  sputter 
profiled. 

It  Is  known  that  heating  magnesium-containing  alloys  (e.g. ,  AA  2024)  in 
air  at  ISO^C  for  3  hr  will  result  in  segregation  of  magnesium  at  the  surface 
(Ref.  38).  Heating  a  TBT-coated  and  hydrolyzed  AA  6061  coupon  at  150®C  for  12 
hr  In  air  produces  no  concentration  of  magnesium  In  the  titanium  oxide  coating 
above  that  found  for  similarly  coated  but  unheated  samples.  The  mobility  of 
magnesium  In  the  titanium  oxide  coating  after  hydroysls  thus  appears  to  be 
low.  These  observations,  that  magnesium  does  not  diffuse  through  the  titanium 
oxide  coating  from  the  bulk  substrate  when  heated  after  hydrolysis  and  Is  not 
concentrated  In  the  Interfaclal  region  between  the  titanium  oxide  and  sub¬ 
strate  alloy,  suggest  that  the  transfer  of  magnesium  to  the  surface  of  the 
titanium  oxide  coating  must  take  place  while  the  titanium  is  in  the  uncon¬ 
solidated  "gel"  state.  The  hydrated  surface  magnesium  oxide  apparently  has 
some  solubility  In  the  gel.  In  contrast  to  the  case  of  copper  where  diffusion 
of  copper  through  the  gel  does  not  occi^r. 
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As  a  general  rule,  magnesium  In  a  bulk  alloy  tends  to  have  a  beneficial 
effect  on  corrosion  resistance  (Ref.  39),  Our  study  shows  a  beneficial  effect 
resulting  specifically  from  magnesium  within  the  oxide  layer.  Some  correla¬ 
tion  is  Inferred  between  coating  magnesium  content,  as  determined  from  IMMA 
data,  and  salt  spray  corrosion  resistances  (Fig.  27).  This  role  of  magnesium 
in  enhancing  coating  corrosion  resistance  Is  of  particular  Interest  since  our 
conceptual  model  Indeed  predicts  that  divalent  cations,  such  as  magnesium, 
should  enhance  corrosion  resistance.  Magnesium,  having  but  one  formal  charge 
state,  will  not  promote  electronic  conductivity  and  will  compensate  for  oxygen 
vacancies. 

3.  EFFECT  OF  ORGANIC  INHIBITORS 

We  examined  the  effects  of  organic  corrosion  Inhibitors  In  order  to  gain 
further  insight  into  the  role  of  impurities.  It  has  long  been  known  that 
corrosive  attack  in  different  environmental  media  is  reduced  by  the  addition 
of  certain  organic  compounds.  These  corrosion  inhibitors  are  usually  sulfur 
or  nitrogen  compounds  and  are  usually  good  metal  complexlng  ligands  with  both, 
hydrophobic  and  hydrophilic  parts.  It  Is  believed  that  the  hydro))hilic 
portion  of  the  molecule  attaches  to  the  surface,  while  the  hydrophobic  portion 
Is  oriented  toward  the  surrounding  medium  and  blocks  Interaction  with  the 
medium.  We  applied  several  organic  compounds  on  AA  6061  to  determine  If  we 
could  confirm  details  of  our  model  by  demonstrating  that  Improved  corrosion 
resistance  Is  associated  specifically  with  the  immobilization  or  isolation  of 
copper.  Most  of  the  test  compounds  applied  In  conjunction  with  Tyzor  TBT 
yielded  coatings  with  salt-spray  lifetimes  only  equal  to  (or  less  than) 
ordinary  TBT  coatings  (Table  12).  However,  we  did  Find  two  systems  with 
dramatically  Improved  corrosion  resistance,  actually  superior  to  STC  chromate 
coating  for  this  particular  alloy. 

One  such  system  Involves  mercaptoethanol.  When  AA  6061  Is  first  treated 
by  Immersion  In  mercaptoethanol  and  then  coated  with  Tyzor  TBT,  Auger  depth 
profile  analysis  (Fig.  28)  shows  sulfur  on  the  oxide  surface,  with  sulfur 
concentration  decreasing  Into  the  coating.  There  is  no  concentration  of 
sulfur  at  the  substrate  coating  Interface.  X-ray  photoelectron  spectroscopy 
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Fig.  28.  Auger  Depth  Profile 


shows  that  the  mercaptan  (SH)  functional  group  Is  oxidized  to  a  sulfate  or 
sulfuryl  group*  Diffusion  of  sulfur  must  take  place  in  the  gel  phase  prior  to 
coating  hydrolysis. 

Methylf orraamide  provides  an  Interesting  contrast  to  the  case  of 
mercaptoethanol.  If  AA  6061  Is  first  coated  with  methylformamlde,  then  coated 
with  Tyzor  TBT,  no  Improvement  In  corrosion  resistance  Is  noted.  However, 
coating  with  TBT,  followed  by  hydrolysis  and  treatment  with  methylformamlde, 
results  In  a  superior  corrosion-resistant  coating.  X-ray  photoelectron 
spectroscopy  analysis  does  not  reveal  any  surface  nitrogen,  and  Auger  depth 
profile  analysis  reveals  no  features  that  would  account  for  Improved  corrosion 
resistance. 


VIII.  SUMMARY  AND  CONCLUSIONS 


The  basic  goals  of  our  research  program,  as  outlined  in  the  original 
proposal,  have  been  accomplished. 

Our  examination  of  the  chromate  coating  system  resulted  in  an  understand¬ 
ing  of  the  critical  role  of  either  OH~  or  MF  in  the  Initial  dissolution  of 
surface  oxide.  The  details  of  film  structure  were  found  to  depend  on  relative 
rates  of  formation  and  dissolution  of  AlOOH  and  CrOOH.  The  chronate  coating 
formulations  stand  as  a  movement  to  the  empirical  method.  Systematic 
variation  of  coating  parameters,  combined  with  coating  characterization  using 
modern  surface  analysis  Instrumentation,  did  not  yield  a  chromate  coating 
superior  to  those  formed  from  recipes  developed  over  50  years  ago. 

The  titanate  coatings  have  served  as  useful  model  systems  for  the  inves¬ 
tigation  of  the  new  class  of  mixed  oxide  coatings  deposited  from  nonaqueous 
solutions  of  organometal\lc  compounds.  We  anticipated  the  formation  of  uni¬ 
form,  distinct  mixed  oxide  phases  under  the  conditions  of  our  experiments. 
Uniform  phases  would  of  course  be  dlscernable  in  Auger  depth  profile  analyses 
as  regions  of  constant  composition.  Such  regions  were  not  found  in  any  of  the 
systems  studied.  Oxide  composition  for  deposited  coatings  changes  contlnous- 
ly.  This  observation  Is  not,  however.  Incompatible  with  our  conceptual  pic¬ 
ture  of  oxide  structure.  In  fact,  our  experimental  observations  on  all  oxide 
systems  are  compatible  with  our  original  concentual  picture.  Evidence  tending 
to  confirm  our  model  Includes  the  deleterious  effect  of  monovalent  impurities 
(copper)  on  corrosion  resistance  and  the  apparently  benevolent  effect  of 
divalent  cations  (magnesium).  Furthermore,  increased  corrosion  resistance  is 
associated  with  increased  thickness  of  the  mixed  oxide  region. 

The  development  of  a  coating  formulation  for  AA  6061  to  be  more  corrosion 
resistant  than  the  STC  chromate  coating  is  potentially  significant  for 
practical  corrosion  protection  technology.  Although  this  particular  path  of 
investigation  was  suggested  by  our  model,  the  interaction  of  inhibitory  sulfur 
and  nitrogen  compounds  with  oxide  coatings  to  improve  corrosion  resistance  is 
not  yet  understood  In  detail. 
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It  should  again  be  pointed  out  that  tltanlun  oxide  was  cho'sen  as  a  model 
system  for  the  specific  reasons  cited  earlier.  Titanium  dioxide  Is,  however, 
a  defect  semiconductor  and  Is  not  in  principle  the  optimum  protective  oxide. 

We  do  suggest  that  the  use  of  mixed  oxide  systems,  in  combination  with  an 
"inhibitory"  compound,  offers  an  opportunity  to  develop  very  useful  practical 
coatings.  Further  study  Is  needed  to  better  understand  the  synergistic  Inter¬ 
action  between  surface  oxide  layers  and  Inhibitory  compounds.  It  remains  to 
be  determined  whether  the  oxide  coating  Itself  Is  affected  or  whether  the 
coating  simply  provides  a  suitable  substrate  for  the  inhibitors.  It  is  also 
essential  that  the  work  be  'extended  to  encompass  aircraft  structural  alloys. 
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Publications  in  the  open  literature: 

H.  A.  Katzman,  G.  M.  Malouf,  R.  Bauer,  and  G.  Stuplan,  "Corrosion- 
Protective  Chromate  Coatings  on  Aluminum,”  Applications  of  Surface  Science  2. 
416-432  (1979). 

Future  publications: 

I.  R.  A.  Llpeles,  G.  M.  Malouf,  P.  D.  Flelschauer,  and  G.  W.  Stuplan, 
"The  Formation  of  Corrosion  Protective  Mixed  Aluminum-Titanium  Oxide 
Coatings  from  Tetrabutyl  Tltanate,"  (to  be  published). 

2.  "A  Survey  of  Possible  Mixed  Oxide  Systems  for  Corrosion  Protection" 
(to  be  submitted  to  Corrosion  Science). 

Presentations: 

Dr.  G.  W,  Stuplan  was  dinner  speaker  at  a  meeting  of  the  Thin  Films  and 
Surfaces  Chapter,  Southern  California  Section,  American  Vacuum  Society,  on 
August  6,  1980,  and  presented  a  talk  entitled  "Mixed  Oxide  Systems  for 
Corrosion  Protection." 


